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EFFECTS OF TEMPERATURE AND NITROGEN DEPLETION ON BIODIESEL
PRODUCTION UNDER SALINE CONDITIONS BY A MIXED PHOTOTROPHIC
COMMUNITY
By
Sarah Kintner
B.S., Mechanical Engineering, Villanova University, 1982
PhD, Nanoscience and Microsystems Engineering, 2019
Abstract
The overall objective addressed in this research was to gain a better
understanding of how native mixed cultures of phototrophic microorganisms from
a saline system may be used for biodiesel production. Laboratory batch reactors
were grown under variable temperatures and nitrogen concentrations with
original inoculum from a hypersaline pond in central New Mexico. Growth at 40
C° led to lower lipid production, lower nitrate consumption, and less diverse
communities than growth at 20° C. All communities were dominated by the
cyanobacteria Plectonema except the in second experiment, where they were
only 30% of the culture. In a second experiment with variable initial
concentrations, a high nitrate medium (179 mg N/L) led to significantly higher
growth rates than a low nitrate medium (75 mg N/L) even before nitrate was
depleted in the low nitrate reactors. Lipid production was similar under both
conditions. A final experiment determined that optimal mixed community storage
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conditions were determined to be -196 deg C in 5% DMSO. This research helped
to identify conditions for biodiesel production in saline media, which could
improved its viability in full scale systems.

v
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Chapter 1 : Introduction and Background
1.1 WHY SELECT A MIXED ALGAL COMMUNITY?
The selection of an algae community for this research surfaced from the
knowledge that biodiesel production occurs in arid desert lands capitalizing on
abundant sunlight. Raceway ponds require constant movement to keep algal cell
bathed in the nutrients that will make them produce the lipids as a precursor to
the ultimate goal, biodiesel.
The lack of available freshwater in arid climates may direct the need to find
alternative water sources from saline, brine, brackish waters or potentially
produced water. High saline waters naturally deter invasions by freshwater algae
species and freshwater grazers since their adaptation hinges on a freshwater
environment. The mixed algal community grown for this research were selected
from a high light and high temperature brine pond, knowing that any algal
community in the conditions found at the brine pond would likely have many of
the characteristics necessary for successful biodiesel cultivation in dry climates.
Invading algal species and other grazing organisms would not be tolerant of the
high temperatures.
The research of the mixed algal community created the same conditions in the
laboratory as those found at the pond site. Unable to reach the highest PAR
value ( 2014, Albuquerque incident PAR 1602 μmols photons m-2 sec-1 ) from the
cool white light set up in the laboratory, the maximum achieved was 1400 μmols
photons m-2 sec-1 ,and illuminated all the algal reactors for the 3 research
1

experiments. 1400 μmols photons m-2 sec-1 is considered an extremely high
PAR intensity when working with algal species. Experiment 1 used temperature
that reflected the highest temperature in Albuquerque in 2014 of 40 °C (104 °F).
The media for all 3 experiment used a synthetic brine medium formulated to
match the high saline composition of the San Acacia Brine Pond [1, 2] detailed in
Table 2.2 with a final TDS greater than seawater.

1.2 BIODIESEL PRODUCTION
The current primary fuel for diesel cars and trucks in the U.S. Grade No. 2
petro diesel (No. 2 petro diesel) extracted from wells and hydraulic fracturing.
Biofuels offer sustainable alternatives to petroleum based fuels and include
feedstocks from corn, soybean oil, animal fats, canola oil, and grease. Biofuels
are renewable and have lower emissions than petro diesel for carbon monoxide
(CO), carbon dioxide (CO2), particulate matter (PM), hydrocarbons (THC), and
sulphate. [3] Fermented corn produces bioethanol and is used as an additive to
gasoline. Soybean oil, fats and other oils are transesterified and added at 5% to
20% v/v to petro diesel for diesel fuel blends.
Microalgae biomass is an attractive feedstock for biodiesel production, in part
due to rapid growth rates. Growing microalgae in media with limited nitrogen
concentrations can induce the sequestration of TAGs (triacylglycerols) creating
greater biodiesel yields. Advantages of green algae, diatoms and cyanobacteria
produced biodiesel include emissions that are far lower than petro diesel, they do
not contain sulfur, use far less land than farmed biodiesel crops, and turn over a
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crop in 1 to 2 weeks. Compared to No. 2 petro diesel, 100% algal biodiesel
(B100) has 50% less CO, 70% less PM, and 40% less THC. [4] , but critical
challenges to cost-effective production include: water availability, research scaleup to commercial ponds, and competition from other plant based biodiesel
sources.

Figure 1.1 2014 Biodiesel production in the United States
The 2014 biodiesel production and sources came from the U.S. Energy Information
Administration (eia) input received from suppliers.[5] Soybean oil is the highest
biodiesel available for blending with petro diesel in the U.S. market. The algal biodiesel
is the number "1" in the lower right hand corner of the graph frame.

In 2006 the U.S. EPA reduced the sulfur content of No. 2 petro diesel from 500
to 15 ppm to improve catalytic conversion of pollutants [6], but this also reduced
the .engine lubricity of the diesel fuel.[7] Biodiesel has essentially no sulfur
content, and biodiesel blended with ultra low sulfur diesel fuel (ULSD) No. 2 petro
diesel fuel has been found to increase lubricity.[8, 9] Biodiesel has been shown
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to increase diesel engine combustion and performance when the biodiesel
contains more saturated fatty acid methyl esters (FAMEs) than unsaturated
FAMEs.[9] Biodiesel has increasingly been used as an additive to No. 2 petro
diesel fuel, with U.S. and European manufacturers permitting 2% to 20%
biodiesel content dependent on the diesel engine requirements.[10]
In 2014 U.S. petro diesel refineries produced 1.7 billion barrels per year of No.
2 diesel fuel [11] , while biodiesel derived from soybean oil, the largest biodiesel
source in the U.S., Figure 1.1, was 15 million barrels. In 2014, the U.S. algal
biodiesel production was only 1800 barrels/year, or 0.01% of the soybean oil
biodiesel production. [11] No. 2 Petro diesel is refined from crude oil in a
distillation column. The No. 2 petro diesel is removed from the distillation column
level with a 250 - 350 °C temperature. At this level the distilled No. 2 diesel
contains 75% aliphatic hydrocarbons C10H20–C15H28. which are similar to the
FAMEs found in algal biodiesel (FAMEs C14:0 to C24:0).

Figure 1.2 Transesterification of a phototrophic algae produced
triacylglycerol (TAG)
Algal phototrophs create TAGs for long term storage, which are converted into
biodiesel.
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Cyanobacteria, diatoms and algae create TAGs by repeatedly incorporating
fatty acids into one of three sites on the glycerol backbone of the TAGs. This
creates three hydrocarbon chains which the algal cell use for long term storage.
TAGs are transesterified (Figure 1.2) to produce biodiesel, which are fatty acid
methyl esters (FAMEs).

1.3 MAJOR BARRIERS TO ALGAL BIODIESEL PRODUCTION
Major barriers to algal biodiesel production include the cost to produce
biodiesel, the scale-up costs, raceway pond construction, cost of
photobioreactors design and installation. Finding species that produce enough
biomass to harvest in a short period of time (1-2 weeks), which involves research
to determine their biodiesel production capacity and the number of days to
harvest.
Additionally, single algal species cultures (monocultures) at scale-up can fail
due to colony collapse, which stems from internal culture competition for
nutrients, high temperature, high light intensity, high salinity, algal toxins, waste
accumulation, and programmed cell death [12-14]. Any one of these conditions
can sweep through a single species algal culture during scale-up resulting in
complete death.
One of the largest barriers depends on the price of No. 2 Petro diesel per
gallon compared to the cost per gallon of a gallon of algal biodiesel even if the
algal biodiesel is used as an additive for blending with No. 2 Petro diesel.
Competition from existing biofuels can be steep such as that from soybean oil,
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which is the largest oil biofuel produced having a large production base and
distribution infrastructure. Water availability can be a barrier for the production of
biodiesel. Saline ground water and produced water may be attractive water
sources [15] for biodiesel production from halotolerant phototrophic green algae,
diatoms and cyanobacteria. An article assembled a GIS-based model to estimate
the availability and costs of providing water from a range of saline groundwater
sites and found that there were 3,036 sites where the water would only cost 5%
of the produced biodiesel value. The model used water consumption and biofuel
production rates in conjunction with the viable water options and the most costeffective source for each site. [15]

1.4 PHOTOTROPHIC MICROORGANISMS
Algae are defined here as aquatic photosynthetic phototrophic eukaryote
green algae, prokaryote cyanobacteria and eukaryote diatoms.
The generic word "algae" encompasses a large diverse group of organisms
from microalgae 1μm to 20 micrometers (µm) at the smallest end of the algae
dimensional spectrum to the macroalgae kelp, (Macrocystis pyrifera), reaching
lengths of 150 to 180 meters. In nature, microalgae live in communities, not only
with other algae, but also in biotic relationships with bacteria.[16] Algae have
different morphologies: unicellular, colonial, filamentous, or composed of simple
tissues.[17] The number of green algae and cyanobacteria species published in
the Algae Database included an estimated 72,500 species. The number of
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diatom species are estimated to be over 200,000, It is likely that many unknown
algal species still exist in the world.[17]
Photosynthetic prokaryote cyanobacteria, eukaryote diatoms and eukaryote
green algae are global prime producers forming the lowest trophic level, which
are food for the levels above.[18]

1.4.1 CYANOBACTERIA
The earliest oxygenic photosynthetic prokaryotes are generically named
cyanobacteria (phyla) or blue-green algae. Cyanobacteria are phototrophic
prokaryotes fixing carbon while releasing oxygen.[19] Cyanobacteria produce
chlorophyll a (Chl a), but not chlorophyll b (Chl b). [20]
Cyanobacteria are phototrophic gram-negative microorganisms and are
considered one of the oldest the oxygen evolving organisms present in the fossil
record dating back 3.9 billion years (early Archean era.[20]
The origins of cyanobacteria adaptation started in an environment where
challenges included direct ultraviolet solar radiation: UVA (320-400 nm), UVB
(280-320 nm), UVC (wavelength <280 nm) and an atmosphere containing 90%
nitrogen, 5% carbon dioxide, (5% methane + ammonia), and 0.01% oxygen.[21,
22]
One specific family of cyanobacteria, Oscillatoria, inherited the cyanobacteria
adaptive responses from the Archean era [23] and populate all oceans and
continents, living in hot, cold, and hypersaline environs, where cyanobacteria
have acclimated to these surroundings.[24] The Oscillatoria family is comprised
of filamentous species performing oxygenic photosynthesis using pigments:
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Chl a, phycocyanin, allophycocyanin, phycoerythrin, β-carotene and
xanthophylls. The Oscillatoria cyanobacteria multiply by fragmentation where a
new individual organism can start from a single shed cell or a cleaved strand
from the filamentous original.[20] Present day cyanobacteria survive in
freshwater or marine environments.
The cyanobacteria gram-negative double layer cell wall consists of an outer
and inner membrane. The outer membrane has two opposing phospholipid
micelle layers where the hydrophilic phospholipids micelle heads sit on opposite
sides of the lipid bilayer (outer membrane) in contact with the environment, and
the hydrophobic tails protrude into toward the cell wall center. The entire outer
membrane thickness is 8 nm. A peptidoglycan layer located below the outer
membrane formed from sugars and amino acids gives structure to the cell wall.
The peptidoglycan layer allows the passage of nutrients and other components
into and out of the cell. Cyanobacteria produce starches for short-term storage.
The starches are converted into fatty acids and then turned TAGs for long term
storage.[25]

1.4.2 DIATOMS
Diatoms fall under the Eukaryota kingdom and are oxygenic phototrophic
algae appearing in the fossil record at 135–240 Ma (Mesozoic) and currently
encompass 200,000 known species.[17, 24] Diatoms live in both marine and
freshwater habitats and are the most numerous algae on the earth and account
up to 40% of the primary production in the oceans.[26] Diatoms have two hinged
frustules (outer silica shells) which overlap on the two opposite edges. Diatoms
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contain thin chloroplasts, mitochondria attached to the inner wall of the frustules.
Diatoms produce photosynthetic pigments Chl a and chlorophyll c (Chl c), βcarotene, and xanthophylls. The frustule silica weight pulls the diatom down into
the water bottom sediment, a preferred diatom environment. Diatoms store both
their short and long term energy products in spherical lipid oil bodies. The oil
bodies contain triacylglycerols (TAGs) and often in the dark, the diatom cell will
remove parts of one or more of the three TAG branches to desaturate them and
create unsaturate lipids for thylakoid and other cellular uses [27].

1.4.3 GREEN ALGAE
Green algae are eukaryotes and populate worldwide fresh and marine water
environments. Green algae (phylum: Chlorophyta) represent a large autotrophic
diverse microalgae group and trace back 350 - 425 million years ago (Ma)
(Paleozoic).[28] The green algae have may several forms: unicellular,
multicellular, or colonial which may include thousands of independent algal cells
and identified green microalgae species number over 8000. Green algae are
purported to have descended from cyanobacteria, but display a larger number of
specialized organelles than cyanobacteria.[17] Most eukaryotes have a nucleus,
plastids, chloroplasts, mitochondria, golgi bodies, and endoplasmic reticulum.
The nucleus houses the green algae DNA and cytoplasm contains the balance of
the rest of the organelles. The cell walls of green algae are typically composed of
cellulose, but depending on the species, the cell walls may be made of
hemicellulose, pectic compounds, and glycoproteins. Green algae produce a
variety of photosynthetic pigments: chlorophyll a, b and c, β-carotene, other
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carotenes and xanthophylls.[29] The typical green algae stores short term energy
products as sugars, starch and excess starches can be converted to TAGs.[30]

1.5 GREEN ALGAE, DIATOMS AND CYANOBACTERIA TAGS PRODUCTION
Green algae, diatoms and cyanobacteria, create TAGs on a glycerol backbone
synthesizing three hydrocarbon chains. All three of the hydrocarbon chains can
be any mix of single or double hydrogen bonds (saturated and unsaturated). The
hydrocarbon chains can be of any length depending upon the cyanobacteria
species that created the lipids. TAGs are compact stable hydrophobic lipid
molecules with a melting temperature determined by the attached three fatty acid
chains. Triglycerides with more saturated bonds have a higher melting
temperature while triacylglycerols with more unsaturated bonds have a lower the
melting temperature.[25, 31] When TAGs are transesterified, the three fatty acid
chains detached from the glycerol backbone form fatty acid methyl esters
(biodiesel).

1.5.1 ALGAL PRODUCTION FOR BIODIESEL
It is obvious that large raceway ponds and photobioreactors will grow and
produce algal biomass for biodiesel, but the harvesting stage remain hidden
behind the scenes, but is presented in this section.
The path to biodiesel starts with a halophilic algal community grown in a small
brine water filled raceway pond with a paddle wheel moving the algal community
around the serpentine waterway. When the algal concentration in the pond met a
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specified biomass value, the entire pond was pumped into a flocculation tank
where the algal water was pretreated with sodium methylate, heated and pH
adjusted.
The algal biomass flocculates and dropped to the bottom of the tank where the
excess water was returned to the pond. The algal flocculant was pumped to
another tank where a non-polar solvent (hexane) was added to remove the
neutral lipids from the flocculant. The entire flocculant with the neutral lipids was
pumped into a tank half filled with water to separate out the neutral lipids in the
non polar solvent from the algal biomass. The biomass was sent to a collection
tank to be dried. The non-polar solvents and neutral lipids were run through a
distillation tank with the no-polar solvent recovered for reuse and the neutral
lipids (biocrude) sent into a secondary tank for later transesterification.

1.5.2 PURE CULTURES AND MIXED CULTURES
Pure algal cultures raised in the laboratory have difficulty transitioning to
outdoor facilities for the commercial production of biodiesel because wild algae,
grazers and pathogens easily contaminate them. Monocultures invaded by
microbes and invertebrates are more susceptible to culture death from the
invading species in less than a day. [32] Single specie cultures must adapt to
fluctuating temperatures and one of the best survival traits would be to adapt to
changing temperatures year round. The collapse of monocultures can stem from
predation particularly if the monoculture specie is considered a preferred prey.
The advantages of mixed algal cultures stems from diversity traits and
stability. The mixed algal cultures will exhibit these traits in several ways by
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including ranges in cell diameters and different morphologies including
filamentous and those with benthic tendencies. Smaller algal cell sizes may
make predation a more difficult process and place pressure on incoming invasive
species to find an algal niche population that will sustain their nutrient needs.
Mixed algal cultures is less competitive for any one micronutrient and survive on
lower concentrations of nitrates, phosphorous, other mineral and vitamins. The
relationship between diversity and biodiesel productivity can be positive since the
species assortment of species will weather more of the extremes in temperature,
grazers and micronutrients. The diversity among the community causes invaders
to spend time seeking a specie that they desire to consume, thus slowing down
the loss of the culture overall. Mixed communities with lost species tend to have
a replacement species available to fill the niche.[32]

1.5.3 OPEN (RACEWAY), CLOSED (TUBE REACTOR) SYSTEMS
Two common open pond systems for growing algae and they are raceway and
circular ponds. Wild algae, grazers and pathogens mentioned above,
contaminate raceway ponds easily. The raceway ponds are oval shaped or
serpentine in shape and the channel are constructed of concrete with depths of
15-40 cm deep. To prevent sedimentation, a continuously turning paddle wheel,
propeller, or air-lift pump agitates the algal culture. A velocity of 10 - 20 cm / sec
keeps the algae dispersed and prevents them from attaching to surfaces. A cell
concentration of up to 1 g / L (dry weight) yield of the for raceway pond.
Circular ponds are typically 45 meters in diameter with a bottom depth of 30 to
70 cms with a central rotating arm agitating and mixing the algae in water.
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Energy consumption to run the paddle wheels, propellers and air lift pumps
must be considered and weighed against the algal biodiesel energy consumed in
the process. A raceway pond with 100 m2 open surface area had a paddle wheel
motor that consumed 600 watts compared against a 85 m2 raceway pond using
an air-lift pump that used 195 watts. The air-lift pump used less energy. Water
evaporation can be a concern in raceway ponds, for 1 Ha of water (10,000 m 2)
could lose 100,000 liters of water per day.[4]
Closed tube photobioreactors are transparent containers or vessels
assembled to promote the light available for algal cells to grow in a tubular
reactor with wall thicknesses of 2 - 4 cms. Photobioreactors have large surface
to volume ratios and have the advantage of a totally enclosed reactor preventing
contamination and providing planned productivity. Depending upon the design of
the bioreactor they can be deployed in arid high light deserts or in urban areas
where they are displayed as living walls. A desert-installed photobioreactor has a
lower land foot print than a raceway pond, Photobioreactors capital costs are
high, but the reactor size can have a small while still producing a large biomass
nearly as large as a raceway pond. One benefit of the photobioreactor provides
flexible and modular designs to allow for total process control. One disadvantage
of the photobioreactor is the control of heat entering the tubes. Certain algal
species are difficult to grow in raceways ponds and because of the controls
added to a photobioreactor, very productive algae species can be grown to high
biomass levels.[4]
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Both the raceway open pond model and the closed photobioreactor models
have advantages and disadvantages. The selection of the system depends
entirely on the intended use of the reactor. [33]

1.6 ENVIRONMENTAL EFFECTS ON ALGAL LIPID PRODUCTION
The main environmental challenges to algal lipid production are high light,
photosynthetic active radiation (PAR), high temperatures, limited nitrogen, and
high salinity medium. Green algae, diatoms and cyanobacteria, employ specific
internal responses to environmental challenges to ensure their survival. One of
the most common responses to environmental challenges is the conversion of
short-term energy sources (glycogen, starches) into TAGs. The creation of TAGs
expends large amounts of algal cellular energy, which stresses the green algae,
diatoms and cyanobacteria by slowing or even curtailing biomass growth, cell
division, and other lipid metabolisms.[34]

1.6.1 LIGHT INTENSITY
Sunlight initiates the algal photosynthesis cycle by biologically converting
photon energy into electron energy in the chlorophyll molecule. The captured
electron supplies the energy necessary to split atmospheric carbon dioxide into
gaseous oxygen and carbon. The algal cell creates short term energy storage
products from the carbon (sugars, glycogen, starches, oil bodies) for immediate
use. The excess short term energy products are turned into fatty acids and
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incorporated into triacylglycerols for long term storage. These triacylglycerols are
vital for the creation of biodiesel.[30]
At night the green algae, diatoms and cyanobacteria enter a dark respiration
cycle that shuts down the photosynthetic processes, and performs cellular
maintenance of proteins, creates biomass, replaces macromolecules, regulates
cell volume and repairs the motility apparatus. The dark activities require a small
consumption of the stored energy products and small amounts of oxygen, while
discharging carbon dioxide. [34]
When cultivating green algae, diatoms and cyanobacteria, the preferred algal
light intensities drive quick algal growth producing large amounts of biomass, but
do not injure the algal cell or impair the photosynthesis process. Depending upon
the species of algae and growth conditions, the best light intensity can vary
widely.[25]
Algal light harvesting antennae, Photosystem II and Photosystem I contain
chlorophylls. In order to capture a larger part of the solar spectrum, chlorophyll a
has two absorption bands: blue (430 nm) and red absorption (680 nm).
When intense light saturates algal cells, and the photons cannot be diverted
through the cellular methods described earlier, the algal cell experiences
photoinhibition which impairs carbon fixation and ultimately decreases the
manufacture of lipid energy needed for TAGs.[35]

1.6.2 TEMPERATURE EFFECTS
Algal biochemical processes are extremely sensitive to environmental
temperatures. Twelve algal strains when grown in a large study increased the
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temperature over time to a temperature higher than their physiological
temperature limits of each strain using temperatures 22 °C, 30 °C, and 35 °C.
The twelve marine algal strains were kept at each temperature for 15 to 20 days.
When the algal cells were counted, if they were statistically higher, then the
temperature was increased to the next temperature. If the cell counts were not
greater than they were initially, it was inferred that they could not adapt to the
temperature.
The survival of the strains under the increasing temperatures was first
attributed to physiological acclimation, then genetic mutation if the strains could
not physiologically adapt to the higher temperatures and finally selection. The
protocol estimated the maximum adaptation of the phytoplankton. Growing a
number of generations of the algal strains often produced an adaptation to the
higher temperatures. Scenedesmus intermedius successfully adapted from 22 °C
to 40 °C increasing from an initial 15 generations at 22 °C to 135 at 40 °C.
[36]
Algal immersed in a medium at high temperature will transfer heat into the
algal cell through the cell wall. High and low temperatures affect most of the
processes and components in the algal cell including: enzymes, biochemical
interactions, photosynthesis, and cell membranes.
The optimum algal temperature occurs where the algal species grows rapidly
producing biomass containing substantial lipids. The stress of hot or cold
temperatures may suppress the photosynthetic rates and ultimately lower the
algal culture lipid synthesis.[37]
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The algal cell walls for both green algae and cyanobacteria respond rapidly to
temperatures above and below their optimal temperatures. Algal cell walls react
to high temperature by increasing the saturated lipids incorporated in the cell
walls, which increases the cell wall stiffness. Conversely when the algal culture
environment drops below the optimal temperature, the algal cell walls will
incorporate unsaturated lipids promoting wall fluidity.[30]

1.6.3 NITROGEN CONCENTRATION EFFECTS
All algae create proteins from nitrogen, incorporating the proteins in cellular
structures such as: cell walls, membranes, gas vesicles, chloroplasts, plastids,
and thylakoid stacks. Algal communities typically consume nitrogen from the
medium in the form of nitrate (NO3-) or ammonia. At the onset of low nitrogen
concentrations, when nitrogen is depleted in batch cultures, TAGs synthesis
increases and is often called a long-term algal storage strategy.[38, 39]
If the algal community comes from freshwater or saltwater, the inclusion or
exclusion of various medium constituents are suggested to generate algal
biomass. Several of the minerals and vitamins often added to algal medium are
phosphorous, nitrates, sodium, potassium, ammonium, calcium, iron, boron, and
vitamins: B12, B1 and B7 biotin. Algal cultures require nitrogen sources to
produce amino acids and proteins and algal medium typically contains nitrates or
ammonia.
In the United States Department of Energy follow-up report, ―A Look Back at
the Aquatic Species Program, A Closeout Report‖ [38] the project researchers
searched for the "lipid trigger" to initiate microalgae cells to store TAGs. The
17

Aquatic Species Program cultivated many species of algae and discovered, that
while algae were stressed under nitrogen starvation, the algal cells increased
TAGs production. Algae species under nitrogen limited culture conditions
increase TAGs accumulation, but lowered overall cell division and growth. The
lipid energy stored in the cells was diverted from the rest of the cellular
processes. Biomass did not increase under nitrogen nutrient starvation.[38]

1.6.4 SALINITY EFFECTS
Green algae, diatoms and cyanobacteria growing in high salinity environments
are call halophytes. Halophytes immersed in high salinity media face external
hydrostatic water pressure outside their cell walls, constantly. The internal algal
cell pressure is called turgor pressure. The algal cells must keep a specific turgor
pressure within the cell, which must match or exceed the external applied
pressure to prevent loss of intracellular conditions: ionic composition, pH, and
metabolite pools.[40] However, for the algal cell to grow larger, the internal
pressure must increase to expand the cell volume.[41]
In addition to turgor pressure, the cell must control the ion gradients from ions:
sodium, potassium, chloride, magnesium, calcium and sulphate, across the cell
wall and membranes. When the algal cell controls the ionic channels and pores
to change cell pressure to control the turgor pressure, the algal cell expends the
least amount of cellular energy. [42] The algal cell regularly produces
osmoregulatory substances called osmoticants to divert, control, and breakdown
the influx of salinity. The production of osmoticants requires high inputs of cellular
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energy, making the production of osmoticants less desirable than the lower
energy methods for salinity control. Some types of algal cell osmoticants
produced in the algal cell are: polyols: glycerol, mannitol, galactitol, sorbitol,
sugars, maltose, and amino acids: proline.[41]
Green algae, when in a saline medium are particularly subject to continuous
maintenance of the internal turgor pressure. Marine algal species, if tolerant to
high salinity, will have a preferred salinity range where the marine species will
survive.

1.6.5 METHODS FOR PRESERVATION
Preservation of algal cultures may be useful for replicating experiments and for
repeated inoculations in industrial applications. Retaining the algal community in
a frozen state can prevent culture changes and contamination to the algal
community. Holding algal samples in a frozen cell bank provides a source for
reconstituting viable algal populations.
Freeze drying, also known as lyophilization, is defined as a controllable
method of dehydrating labile products by vacuum desiccation which has been
used to store algae. Lyophylization begins by freezing the algal cells in water or
suitable solution that will be sublimated initially during the freezing process. The
freeze drying eventually retains only the algal cells in a desiccated state.
Restoring the algae to a viable state must be done slowly to allow rehydration in
a growth medium.[43, 44]
Freezing algae with compatible cryopreservants may increase the viability of
the final reconstituted algal species. Green algae, diatoms and cyanobacteria
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can be frozen at various temperatures with different cryoprotective additives
(CPAs).[45] CPAs vary widely and include: DMSO (dimethylsulfoxide), glycerol,
peptone, glucose, MEOH (methanol), sorbitol, ethylene glycol, sucrose, dextran
and honey.
Specific CPAs that have rapid penetration of into green algae, diatoms and
cyanobacteria within 30 minutes and these are DMSO, methanol, ethanol,
ethylene glycol, and propylene glycol. DMSO and MEOH penetrate both the algal
cell wall and cell membrane.[45, 46]

1.6.6 BENEFITS OF ALGAL DIVERSITY
Mixed algal communities exist in many environments. Greater algal diversity
can increase the sustainability, biomass, and function within the cultures.[47]
Much of the previous research on biodiesel production from algae has focused
on monocultures.[48] Algal monocultures are often susceptible colony collapse
due to competition for nutrients within the same species, excess light competition
for light exposure, and predation by invasive species. Algal cultures with a
planned diversity and a strong lipid producing algal specie can improve biodiesel
production and stability.[49, 50]
A controlled algal diversity study asked whether there is a link between
diversity and lipid production.[50] The study grew cultures of 22 algae species
(from several culture collections) and 3 mixed natural phytoplankton samples
from eight Bavarian lakes and ponds. The experiments were performed to
determine whether different types of algal sources (culture collections or natural
water bodies) and the number of species in the test cultures would affect the lipid
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production. [50] Monocultures from a culture collection species were also grown
alongside diversified culture collections over 7 days. The results for the
6

monoculture culture collection algae lipid content were lower (3.26 x10 picogram
(pg) mL-1 ) when compared to the larger lipid content of the diverse culture
7

−1

collection 1.08×10 pg mL .
Similarly, the natural algal samples from the ponds and lakes were cultured in
the same way as the 22 algae culture collection species. The average algal lipid
content from the lake phytoplankton community (species richness = 10) was
lower (1.10 x105 pg mL-1) when compared to the pond community (species
richness = 19) containing (5.17 x106 pg mL-1) lipid content. The study greater
diversity contributed to the larger lipid production.[50]
Bacteria co-exist with algae in nature, where bacteria recycle algal waste
products to basic level nutrients such a minerals, vitamins (B12) and carbon
dioxide. Algal communities excrete carbon, oxygen and other metabolic
byproducts, which bacteria readily consume. The bacteria break down the algal
products to basic nutrients [51] with algae absorbing the bacterial nutrients,
completing the biocycle.

1.7 RESEARCH NEEDS
The increasing demand for new fuel sources drives the need to look at
sustainable options to supplement petroleum based diesel fuel. Biofuel sources
like corn or soybean crops require three to five months to harvest, while an entire
crop of microalgal biodiesel can be turned over in one or two weeks. [52, 53]
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Growing interest in photoautotrophic microalgae has unlocked a surge of
scientific research over the last decade focusing on their use for biofuels and
biodiesel. The application of microalgae for green fuels holds promise, as the
required resources and acreage for microalgae production are much smaller than
other biofuel feedstocks like soybean and corn. Microalgae do not compete with
food cropland and can exist in environments where most food crops cannot be
grown such as deserts.[12]
Other microalgae research has genetically modified (GM) specific species to
produce certain products or developed effects within the microalgae. The
unintentional release of GM algae into the local biome can be a disaster when
the algae can survive and then insert their GM genes into other algae with
possible negative consequences.[54] The GM traits added to the algae to
enhance their commercial viability frequently render the algae incompetent when
competing with wild type species.
Natural mixed wild type algal communities have advantages for large scale
algal production due to their greater robustness than that of a single species
system and prior adaptation to challenging environments [50]. The biomass
production by an algal community was reported to be higher and more stable
than that of a single culture.[55]
A quote from the United States Government report, ―A Look Back at the
Aquatic Species Program, A Closeout Report‖,[38] points to a compelling reason
for the selection of a wild type (WT) algal community for research studies:
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"An important lesson from the outdoor testing of algae production systems is
the inability to maintain laboratory organisms in the field. Algal species that
looked very promising when tested in the laboratory were not robust under
conditions encountered in the field. In fact, the best approach for successful
cultivation of a consistent species of algae was to allow a contaminant native to
the area to take over." [38]
To date, most algal biofuel research has focused on monocultures, although
monocultures are difficult to maintain in an outdoor setting where they are
contaminated from aerial contamination by wild type strains, grazers and
pathogens. [32] There has been little research on growth of algal mixed algal
communities in saline media for biofuel production. As noted, water is often a
limiting factor in phototroph production, and saline sources, such as produced
water and saline groundwater, which are not suitable for agriculture or other
uses, may be usable for phototroph production. There is therefore a research
need to determine factors affecting phototrophic algal growth and lipid production
in saline media, with an environmental (mixed algal community) inocula. Once a
mixed algal community has proven successful in the field, the need to preserve
the mixed algal community genetic composition intact becomes obvious.
Preservation of the community algal species, can be met by a cryogenic freezing
method. Freezing the mixed algal community in liquid nitrogen can hold the algal
community protected from changing due to bacteria contamination.
Reconstituting the frozen mixed algal culture in media, restores the algae viability
and growth.
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There is a need to research mixed algal communities for biodiesel and a need
to understand how a mixed algal community diversity changes, and the best
methods to grow and optimize their biodiesel output. The mixed algal
communities should have origins from a location receiving intense sunshine,
containing high saline water with nutrients capable of supporting several algal
species. When harvested for research, the mixed algal community would have
prior adaptation the intense environmental conditions.

1.7.1 WHAT IS UNKNOWN
There is a knowledge gap in the understanding of the benefits from growing a
high saline mixed algal community culture for biofuel production. The reaction of
the high saline mixed algal community to various challenging environmental
conditions including temperature, a limited nitrogen source and freezing for
preservation is unknown. Most algae research investigates single specie
monocultures that have issues during scale-up to larger outdoor growing
environments.

1.8 OBJECTIVES AND EXPERIMENTAL APPROACH
Objective 1 was to determine the effects of high and low temperatures on a
highly saline algal community, including the types and quantities of Chl a and Chl
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b produced, community diversity, and FAME content for biodiesel production.
This objective was addressed in Experiment 1, Chapter 3.

Objective 2 was to determine the effects of limited nitrogen media compared
to a higher nitrogen media on a high a highly saline algal community including
the nitrogen effects on the quantities of Chl a and Chl b produced, community
diversity, and FAME content for biodiesel production. This objective was
addressed in Experiment 2, Chapter 4.

Objective 3 was to determine the effects of cold preservation at 4
temperatures of a highly saline algal community with two cryoprotective additives
DMSO and MEOH. Agitated inoculum was added to one seed reactor and the
second seed reactor received undisturbed inocula. The effects of agitation on the
algal cultures before and after freezing will be assessed and compared to algal
cultures with non- agitated inoculum. After freezing algae cultures in 32 tubes,
the thawed algal cultures were added to (32) 50 mL reactors with 30 mL of brine
media and 50 mL cultures and grown. The initial results included cataloging the
viable algal growth after freezing, calculating the Chl a, and identified highly
saline algal community genera present after re. This objective was addressed in
Experiment 3, Chapter 5.
The methods, materials and analytical measurements used in the three
experiments are described in Chapter 2. Some of the methods are shared
between experiments 1, 2 and 3.
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Experimental Approach, Experiment 1: The experimental system used in
Experiment 1 were batch reactors (500 mL flasks), which were illuminated and
monitored for 14 days. Total FAMEs mg / L concentrations (biodiesel) were
quantified each day. These systems were inoculated with a NM algae community
taken from a brine pond located in an environment with unobstructed high
intensity sunlight (San Acacia Brine Pond, Soccoro, NM).

Experimental Approach, Experiment 2: The experimental systems used in
Experiment 2 were batch reactors (500 mL flasks) which were illuminated and
monitored for 0 to 12 days. Total FAMEs mg / L concentrations (biodiesel) were
quantified each day. These systems were inoculated with a NM algae
community taken from a brine pond located in an environment with unobstructed
high intensity sunlight (San Acacia Brine Pond, Soccoro, NM).

Experimental Approach, Experiment 3: The experimental systems used in
Experiment 3 were 32 batch reactors (50 mL flasks with media) which were
illuminated and monitored for days 0 to 13. These systems were inoculated with
a NM mixed algal community taken from a brine pond located in an environment
with unobstructed high intensity sunlight.(San Acacia Brine Pond, Soccoro, NM)
The 2 seed cultures were mixed with 2 different CPAs and frozen at 4
temperatures. After reconstituting the culture, the algae were analyzed for
viability and genera counts.
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Prior to the start of the first study, a native WT NM algal community was pulled
from a natural brine pond located in an environment under high temperature with
unobstructed high intensity sunlight, and living in high saline brine.
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Chapter 2 : Methods, Materials and Analytical Measurements
2.1 EXPERIMENT 1 : INOCULUM
The xenic algal community (inoculum) was obtained from a non-shaded brine
pond (>35,000 TDS mg /L of brine) [56] in the Sevilleta National Wildlife Refuge
located in San Acacia, New Mexico (NM), Figure 2.1. A synthetic brine medium
was formulated to match the high saline composition of the San Acacia Brine
Pond, which was based upon a master’s thesis that recorded the San Acacia
Brine Pond mineral composition, Table 2.5. [1, 2]

Figure 2.1 San Acacia Brine Pond
San Acacia Brine Pond, San Acacia, NM, is located in the Sevilleta National Wildlife
Refuge. The San Acacia Mesa to the left of the pond feeds minerals to the pond from
underneath. The San Acacia Diversion, a branch from the Rio Grande, does not
provide any water to the brine pond. This is the origin of the research algal culture. The
X designates the location where the San Acacia Mixed Algal community were
harvested.

To create the first generation seed culture, 1 mL of the original San Acacia
xenic NM algal community was added to 75 mLs of the synthetic brine medium in
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a 250 mL reactor (an Erlenmeyer flask). Three first generation seed reactors
were created at the same time. The first generation seed culture reactors were
positioned on a VWR orbital shaker table, Model 3500, Cat No. 89032-096,
(150 rpm) illuminated by (4) T5 Plusrite cool white fluorescent lights at room
temperature located on a laboratory table. These first generation seed culture
reactors supplied the inoculum for all 3 Experiments.
Over time, the first generation reactors were split periodically into two reactors,
by pouring 1/2 of the original reactor into a new autoclaved reactor. Then both
reactors received sufficient new media to attain the original 75 mL volume. Both
seed culture reactors were placed back on the shaker table to continue growing.

2.2 EXPERIMENT 1 : DESIGN AND OPERATION
Experiment 1 consisted of two studies: RT ( room temperature) and HT (high
temperature). The Experiment 1 RT study was performed first, over a 14-day
period and later, the Experiment 1 HT study was executed afterwards over 14
days.
Each of the RT and HT reactor sets consisted of 6 reactors divided into two
three-reactor sets, Figure 2.2. The 500 mL Erlenmeyer flask reactor contained
250 mL of medium. Each of the six reactors were inoculated with 3.3 mL seed
culture described first generation inoculum section above. At the beginning of
each study, immediately after inoculation (9)1 mL samples were taken from the
first generation seed reactor and frozen at -20 °C for 454 pyrosequencing
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analysis. The 9 seed reactor samples were taken to determine what genera were
present in the first generation algal community
Both reactor sets were incubated in a temperature controlled incubator set at
25 °C for the RT flasks, and 40 °C for the HT flasks (more temperature details in
section 2.2.2 below). The flasks were placed on an orbital shaker table, set at
150 rpm and illuminated by cool white fluorescent lights with more detail found in
Section 2.3.1, below. The Experiment 1 reactors sets were operated as batch
reactors inside the temperature-controlled incubator.
The Experiment 1 reactor sets 1 and 2 were sampled alternately every second
day per Table 2.1. For both of the Experiment 1 studies (RT and HT), the reactor
set 1 sampling occurred on days: 2, 6, 10, and 14, and for reactor set 2, the
sampling was taken on days: 4, 8, and 12. The two sets of 3-reactors were
placed next to the cool white fluorescent bulbs, Figure 2.2. The samples were
removed from the batch cultures without replacement with fresh media, so the
reactor volumes decreased over the course of the experiments.

2.2.1 EXPERIMENT 1 :

DAILY SAMPLING

The 6 reactors used in each of the RT and HT studies were divided into sets of
3, which were each sampled every 4 days on a staggered schedule (set one on
days 2, 6, 10, and 14, set two on days 4, 8, and 12). The constituents that were
tested and the associated sample volumes are shown in Table 2.1.
Table 2.1 lists the Experiment 1 samples taken for each parameter. Samples
were taken from RT and HT cultures from reactor set 1 or reactor set 2 on the
sample day. The average, standard deviation, standard error of the mean and
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test for significance between to sets of sample data were calculated for each of
the (3) experiments except for data from algal community populations analysis.

Figure 2.2 Two 3-reactor sets on shaker table inside of incubator

Table 2.1 Experiment 1 sample parameters, number of samples and volume per
reactor.
Parameters evaluated from Sample volume
samples taken
per each reactor

on sampling day
Frozen samples for DNA
pyrosequencing
Frozen samples for NO-3
mg/L NO-3 mg/L

volume mL

Samples per
each reactor per
day

Total volume
sampled for
three reactors

1.0 mL for DNA
pyrosequencing

3 DNA samples
per reactor

9 mLs

1.0 mL for NO3

1 NO3 frozen
3 mLs frozen for
sample per reactor
NO3 mg/L

Samples for Chl a and b
mg/L

3.0 mL

3

9.0 mLs

FAMEs for identification
and concentration mg/L

10 mL

3

30.0 mLs

Algal images on
hemocytometer

1.0 mL

3

3.0 mLs
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2.2.2 EXPERIMENT 1 : CULTURE TEMPERATURES
During the Experiment 1, the RT study culture 2 reactor sets were maintained
at 25 °C light phase / 20 °C dark phase in the incubator and in the HT study, the
culture reactor sets were maintained at 40 °C light phase / 35 °C dark phase.

2.3 EXPERIMENT 1 : METHODS
2.3.1 EXPERIMENT 1 : LIGHTING HOURS, SHAKER TABLE, AND PAR INTENSITY
All 3 Experiments used these parameters for growing the algal cultures inside
a Fisher Scientific Incubator, Model 307C. Reactors were exposed to 14.5 hours
of light and 9.5 hours of darkness while continuously mixed on a VWR orbital
shaker table Model DS-500, 57018-754, rotating at 150 revolution per minute
(RPM). Two sets of stacked (4) F14 T5 Plusrite cool white fluorescent lights were
mounted on both sides of the shaker table to insure equal lighting of all reactors.
All the reactors were positioned 6.4 mm from the light source, which provided an
average PAR level of 1400 µmol photons m-2 s-1, which is approximately 87% of
the 2014 summer average daily PAR (1602 µmol photons m-2 s-1) in
Albuquerque, New Mexico. [57, 58] The PAR measurements were taken at
6.4mm distance from the cool white fluorescent bulbs along their length using a
Spectrum Technologies Field Scout Light Sensor Reader, 3415FX, with the
attached Quantum Light Sensor, 36681.

2.3.2 EXPERIMENT 1 : CHLOROPHYLL A AND B CONCENTRATION
Chl a and Chl b concentrations (μg / mL), were extracted in methanol from a
3 mL algal sample. The absorbance was measured at three wavelengths: 652.0,
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665.2 and 750.0 nm with a Cary 50 UV-Visible Spectrophotometer in 3 mL quartz
cuvettes. The calculation for the Chl a and Chl b concentration
(µg / mL methanol) applied the three absorbance values to the 3 equations listed
in the publication. [59]

2.3.3 EXPERIMENT 1 : SYNTHETIC NITRATE BRINE MEDIUM
Instant Ocean, a commercial saltwater mixture, was added to 0.95 liter of
Milli-Q water, creating a seawater base for the synthetic medium. The nitrate
brine medium chemicals are listed in Table 2.5. The media contained no carbon
source.
Table 2.2 Experiment 1 synthetic brine medium with nitrate and chemicals
Contains 179.2 mg nitrate / L
No.

Concentration
mg / L of
medium

Chemical

No.

Concentration
mg / L of
medium

1

35000

Instant Ocean

11

0.06

2

170

Boric acid

12

0.73

3

1100

13

0.025

Biotin

4

3.16

14

0.135

Vitamin B12

5

84.99

15

200

Strontium nitrate

6

0.05

16

57

Lithium chloride

7

0.09

17

22

Potassium
bromide

8

0.58

18

10

Calcium sulfate

9

80

19

13

Ammonium iron (III)
citrate

10

1.10

Calcium chloride
dihydrate
EDTA disodium salt
dihydrate, 0.1M
volumetric solution
Sodium nitrate
Cobalt nitrate
hexahydrate
Cupric sulfate
pentahydrate
Zinc sulfide
heptahydrate
Potassium phosphate
monobasic
Vitamin B1
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Chemical

Manganous chloride,
4-hydrate
Sodium molybdate
dihydrate

Three other dry salts, four mineral solutions, and one vitamin solution were
added to the 0.95 L of medium base and brought up to 1 L with Milli-Q water to
complete the medium. The medium pH was adjusted to 8.4 with potassium
hydroxide (KOH) before and after autoclaving. The medium was stored at 4 ºC
and warmed to room temperature before use. The medium contained 179.2 mg
NO3- per liter.

2.3.4 EXPERIMENT 1 : FAMES EXTRACTION, TRANSESTERIFICATION AND GAS
CHROMATOGRAPH QUANTIFICATION

Samples were taken from RT and HT cultures from reactor set 1 or reactor set
2 on the sample day. FAME concentrations were determined as follows: from the
Table 2.1, the row labeled "FAMEs for identification and concentration" 10 mL
sample, was added to a 15 mL centrifuge tube. The 10 mL algal sample was
centrifuged into a pellet. The algal sample pellet was extracted with a solution of
methanol, chloroform, and formic acid (20:10:1 v/v/v) and vigorously shaken for 5
minutes. After shaking, the extraction solution (0.2M phosphoric acid and 1M
potassium chloride salt solution) was added to algal cells and lightly vortexed,
then centrifuged to separate the mixture into water and chloroform layers. The
algal fatty acids were dissolved in the chloroform phase at the bottom. [60]
The bottom chloroform phase was removed and 0.3 mg pentadecanoic acid as
an internal standard (Sigma, C15:0, P6125) C15:0 (150 uL of 2.0 mg C15:0
/1 mL hexane) was added to a glass tube and dried. A solution of methanol and
8% HCl w/v was added to the tube and sealed with a Teflon line cap. The tube
was held in water bath at 45 ºC for 14 hours. [61]
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The FAMEs were extracted from the transesterification solution by adding 1
mL of hexane and 1 mL of water and the glass tube was gently shaken. The
hexane upper layer, containing the FAMEs, was pipetted into a 1.7 mL septum
capped glass vial and stored at -20 ºC. FAMEs were measured using a gas
chromatograph (Shimadzu 2010) with a J&W, DB-FFAP column: 30M length
inner diameter of 0.25 – 0.32 mm, and a 0.25 – 1.00 μm thick nitroterephthalicacid-modified polyethylene glycol (PEG) film. The column temperature limits
were (°C) 40 – 250 °C.
The calibration standard was formulated with the Supelco FAMEs 37 Mix
(18919-1AMP) in hexane at six dilutions. The gas chromatograph resolved each
identified FAME concentration to a resolution of 0.01 mg FAMEs / L / d. Only the
experiment samples run on the gas chromatograph that matched the peaks of
the external standard FAMEs 37 Mix were analyzed for the experimental FAMEs
data.

2.4 EXPERIMENT 1 : ANALYSIS
2.4.1 EXPERIMENT 1 : ALGAL COMMUNITY ANALYSIS
The room temperature (RT) and high temperature (HT) culture algal
communities were characterized by 454 pyrosequencing of 23s ribosomal DNA
(rDNA) genes. The DNA was extracted from two frozen algal culture samples for
each study day. The DNA purity was assessed by the nucleic acid A260/280
absorbance ratio [62] on a NanoDrop spectrophotometer (Thermo Scientific, ND1000), with a minimum ratio of 1.8 and the sample with the best nucleic acid and
35

absorbance ratio was sent for analysis. The Roche 454 pyrosequencing was
performed by Research and Testing Laboratory, Lubbock, Texas (RTL) using the
plastid 23s rDNA forward primer p23SrV_f1 (5' GGA CAG AAA GAC CCT ATG
AA 3') and reverse primer p23SrV_r1 (5' TCA GCC TGT TAT CCC TAG AG 3')
[62] which occur in the Eukaryota, Plantae, and Cyanobacteria algal populations
[63]. The average read length was 403 (RT) and 396 (HT) base pairs per sample.
The sequences were aligned against an algal rDNA proprietary nucleotide
database compiled by RTL. The RTL minimum base pairs (bp) read length was
250 which is one-half of the maximum read length of the GS Flex + 454 Titanium
[64]. The minimum RT and HT read lengths were both 250 bp. The maximum RT
and HT read lengths were 770 bp and 653 bp respectively. RTL reported
taxonomy and counts for each submitted DNA sample.

2.4.2 EXPERIMENT 1 : ANALYSIS OF NITRATE CONCENTRATION
The method for determining the nitrate (NO3-) concentration in the medium
was adapted from the Standard Method 4500-NO3- B. [65] The algal culture
samples were filtered (0.2 μm pore size), diluted with Mill-Q water (1:100),
centrifuged to collapse microbubbles (5000 rpm, 2 minutes), and measured on a
Cary 50- UV-Visible spectrophotometer at two absorbance wavelengths, 220 nm
and 275 nm. The NO3- concentration calibration was based on 6 NO3- standard
concentrations prepared from the 1000X NO3- concentration solution mixed in
the no-nitrate synthetic brine medium and a negative no-nitrate medium control
verified a negative NO3- measurement.
36

2.4.3 EXPERIMENT 1 : ANALYSIS OF ALGAL CULTURE IMAGES
On every sampling day, multiple images were taken of the Experiment 1 RT
and HT algal cultures. Each algal culture image was taken at either 100X or
400X magnification on an Olympus BX51 microscope with a microscope top
mounted Olympus digital camera (DP71). The algal images were taken on a
hemocytometer to provide an algal cell reference size. Occasionally an image
was taken at 1000X magnification to distinguish internal algal organelles. On the
sampling day, each of the three reactors were imaged. The images were
analyzed later to determine types of green algae, diatoms and cyanobacteria
present.[18]

2.5 EXPERIMENT 2 : INOCULUM
2.5.1 SAME AS EXPERIMENT 1, SECTION 2.1 INOCULUM
2.6 EXPERIMENT 2 : DESIGN AND OPERATION
2.6.1 EXPERIMENT 2 CULTURE

DAILY SAMPLING

Experiment 2 had two studies: the HN (high nitrate) and LN (low nitrate). The
HN study was performed first over a 12-day period, and the LN study was
executed later over a separate 12-day period.
At the start of Experiment 2 in each study, (9) 1 mL samples were taken from
the first generation seed reactor and immediately frozen at -20 °C for Illumina
Miseq analysis and population evaluation described below in section 2.7.4.
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The Experiment 2 design for the each of the LN and HN studies contained 6
reactors (500 mL reactors, 300 mL of medium, 3.3 mL inoculum), divided into two
3-reactor sets, Figure 2.2. Each of the six reactors were inoculated with the
previously described first generation NM algal community reactor in section 2.1.
The Experiment 2 reactors sets were operated as batch reactors inside a
temperature-controlled incubator, placed on an orbital shaker table at 150 RPM,
and illuminated with 4 cool white fluorescent bulbs as described with more detail
in Section 2.3.1.The samples were removed from the batch cultures without
replacement with fresh media, so the reactor volumes decreased over the course
of the experiments.
Table 2.3 Experiment 2 LN and HN sampling parameters, number and volume per
reactor.
Parameters evaluated from
samples taken

on sampling day

Sample volume
per each reactor
volume mL

Samples per
Total volume
each reactor per sampled for three
day
reactors

Frozen samples for DNA
pyrosequencing

1.0 mL for DNA
pyrosequencing

3 DNA samples
per reactor

9 mLs

Fresh samples for NO3
mg/L NO3 mg/L

1.0 mL for NO3

1 NO3 frozen
sample per reactor

3 mLs frozen for
NO3 mg/L

Samples for Chl a and b
mg/L

3.0 mL

3

9.0 mLs

FAMEs for identification
and concentration mg/L

10 mL

3

30.0 mLs

Algal images on
hemocytometer

1.0 mL

3

3.0 mLs

The sampling schedule for Experiment 2 HN study, reactor set 1, occurred on
days: 1, 3, 5, 7, 9, 11, and for HN reactor set 2, the samples were taken on days:
2, 4, 6, 8, 10, 12. In the LN study the reactor set 3 sampling occurred on days: 1,
3, 5, 7, 9, 11, and for reactor set 4, the samples were taken on days: 2, 4, 6, 8,
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10, 12. Table 2.3 lists the LN and HN sampling day plan details for each reactor
set.

2.7 EXPERIMENT 2 : METHODS
2.7.1 EXPERIMENT 2 : LIGHTING HOURS, SHAKER TABLE, AND PAR INTENSITY
Same as Experiment 1 Section 2.3.1 Lighting hours, shaker table, and PAR
intensity

2.7.2 EXPERIMENT 2 : CHLOROPHYLL A AND B CONCENTRATION
Same as Experiment 1, Section 2.3.2 Chlorophyll a and b concentration

2.7.3 EXPERIMENT 2 : LN AND HN CULTURE TEMPERATURES
Both the LN and HN study maintained 28 °C light phase / 23 °C dark phase in
the incubator and all culture reactor sets were held at the study temperatures for
the entire study. The LN and HN temperatures selected represent a better fit to
the optimum temperature ranges of the algal community to prevent adverse
reactions at low or high temperatures in the LN and HN cultures.

2.7.4 EXPERIMENT 2 : LN AND HN NO-NITRATE MEDIUM BASE
To know the exact NO3- concentration in the Experiment 2 medium required a
method to create a medium without any NO3- (no-nitrate medium, Table 2.4) for
both studies, where the balance of the medium constituents remained the same
as the medium in the Experiment 1 studies.
The (LN and HN) no-nitrate synthesized brine medium base, Table 2.4, has
the same chemical constituents as the RT and HT media, except the 3 NO339

compounds (sodium nitrate, strontium nitrate and cobalt nitrate hexahydrate)
which were removed and placed into a separate single 1000X NO3- concentrated
solution, Table 2.4.

Table 2.4 Experiment 2 Synthetic no-nitrate brine medium and chemicals
(The no-nitrate medium contained 0 mg nitrate / L)
No.

Chemical

No.

1

Concentration
mg / L of
medium
35000

Instant Ocean

9

Concentration
mg / L of
medium
0.73

2

170

Boric acid

10

0.025

Biotin

3

1100

11

0.135

Vitamin B12

4

3.16

12

57.0

Lithium chloride

5

0.09

13

22.0

Potassium bromide

6

0.58

14

10.0

Calcium sulfate

7

1.10

Vitamin B1

15

13.0

8

0.059

Manganous chloride,
4-hydrate

16

80.0

Calcium chloride
dihydrate
EDTA disodium salt
dihydrate, 0.1M
volumetric
solution
Cupric sulfate
pentahydrate
Zinc sulfide
heptahydrate

Chemical
Sodium molybdate
dihydrate

Ammonium iron (III)
citrate
Potassium
phosphate
monobasic

Table 2.5 1000X Nitrate solution
1mL of the 1000X Nitrate Solution added to 0.999 liter of no-nitrate medium
produces a concentration of 179.2 NO3- mg / L, HN medium.
Component
Number

Solution
Concentration
1 mg /mL of medium

Nitrate mg/mL
of medium

Chemical

1NS

84.99

62.001

Sodium nitrate

2NS

0.050

0.021

Cobalt nitrate
hexahydrate

3NS

200.00

117.187

Strontium nitrate

Totals

285.04

179.2
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One mL of the 1000X NO3- solution added to 0.999 liter of the HN no-nitrate
medium produced an exact concentration of 179.2 NO3- mg per liter of medium.
The LN medium contained 75.0 mg of NO3- per liter and was created by adding
0.419 mL of the NO3-1000X solution to 0.9996 liter of the no-nitrate medium.

2.7.5 EXPERIMENT 2 : FAMES EXTRACTION AND QUANTIFICATION
Same as Experiment 1, Section 2.3.4

2.8 EXPERIMENT 2 : ANALYSIS
2.8.1 EXPERIMENT 2, LN AND HN ALGAL COMMUNITY ANALYSIS
LN culture frozen algal samples were pulled from the -20 °C freezer and sent
to RTL for DNA extraction and sequencing by synthesis on the Illumina MiSeq.
The Illumina MiSeq system applied the same rDNA 23s plastid primers [63] as
those used in Experiments 1 and 3 algal community analysis.
The Illumina MiSeq performed the sequencing by bridge amplification with the
results presented in read files. The two double end read files were demultiplexed
and produced two double end paired sequences files in the FASTQ format. The
demultiplexed paired end reads were split into two FASTQ files, with the forward
primer FASTQ file stored the first half of the paired end reads and the reverse
primer FASTQ stored the second half of the paired end reads. Both LN and HN
paired end reads FASTQ files (first half) had an average 250 base pairs and the
(second half) had an average of 250 base pairs. RTL compared the FASTQ base
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pair files to an internal proprietary algal sequence database and supplied the
taxonomy and counts for each of the ten algal samples.

2.8.2 EXPERIMENT 2 : LN AND HN COMMUNITY ANALYSIS FROM IMAGES
Microscopic examination of cell morphologies was applied to estimate
quantities of particular groups of microorganisms. The genera counts per mL of
culture in Figure 4.1, LN (4.1A) and HN (4.1B), came from 100X magnification
microscope captured images taken from each of the three reactor cultures on
each sample day. The Olympus BX51 microscope focused on a glass
hemocytometer with a finely etched dimensional grids and 100X recorded two
images grid squares from each of the three culture reactors. The hemocytomer 1
mm2 square multiplied by the depth of 0.1 mm represents a 0.1 mm 3 volume
between the coverslip to the lower etched hemocytomer surface where the algae
settle. The algal cell length and width can be measured against the etched
hemocytomer dimensions and algal cell counts per mL were calculated over the
1 mm3 volume.
A free interactive segmentation software program, ILastik (version 0.5.12)
which classifies different algal features and places them on different layers. using
a random forest classifier. Each ILastik layer was turned into a black and white
image and run on an ImageJ macro program, which determined the algal cell
counts, size and cross-sectional area. Algal cell counts per mL were calculated
with the data from the ImageJ results and the hemocytometer grid size. The
ILastik program provides a method for training so that similar images can be
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batch processed with the first Ilastik file layer results. A Image-J macro converted
the Ilastik layers into filled outlines of the algal cell and counted them.

2.9 EXPERIMENT 3 : INOCULUM
2.9.1 EXPERIMENT 3 : NB AND BB REACTORS INOCULUM
Two reactors 250 mL reactors containing 100 mL of the Experiment 1
synthetic brine medium were inoculated with the first generation NM algal
community source described previously (Section 2.1). The green algae, diatoms
and cyanobacteria cultures were grown, frozen with CPAs, and reconstituted to
determine the surviving algal genera present.

2.10 EXPERIMENT 3 :DESIGN AND OPERATION
One mL of the first generation inoculum NM algal community algal seed
reactor inoculum (Section 2.1) the first reactor and was labeled NB Figure 2.3.
The second 1 mL of inoculum, from the same first generation seed reactor, was
agitated in a bead beater (no beads) at 2500 rpm for 2 minutes prior to adding to
the second 250 mL reactor. The second reactor was labeled BB Figure 2.3. After
6 days of growth, (8)1 mL samples were taken from both of the NB and BB
reactors and placed separately in two labeled plastic bags, and put in the -20
upright freezer for DNA evaluation of the algal seed reactors by pyrosequencing.

2.11 EXPERIMENT 3 : METHODS
2.11.1 EXPERIMENT 3 : NB AND BB TEMPERATURE AND GROWTH CONDITIONS
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Both of the inoculated NB and BB study reactors were placed in an upright
temperature controlled incubator held at 25 °C light phase / 20 °C dark phase to
grow. The NB and BB 250 mL reactors were placed on a rotary shaker table
rotating at 150 rpm. The fluorescent bulbs had the same PAR value as stated in
section 2.3.1.
During the 6 days of growth, on days 1, 4 and 6, the Chl a and Chl b were
measured to determine if there was significant difference between the nonagitated inoculum and the agitated inoculum. (8)1 mL samples were taken from
both of the NB and BB reactors and placed in two separate plastic bags labeled
"NB" and "BB". The labeled bags were put in the -20 upright freezer for DNA
evaluation of the algal seed reactors by pyrosequencing.

2.11.2 EXPERIMENT 3 : CHLOROPHYLL A AND B CONCENTRATION
Same as Experiment 1, Section 2.3.2 Inoculum
On day 7, the NB and BB inocula cultures were removed from the incubator to
supply the algal seed culture for mixing with the DMSO and MEOH on a volume
percentage of the final volume total, just prior to freezing, as described below in
Tables 2.6 and 2.7.
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2.11.3 EXPERIMENT 3 : SPECIFIC EXPERIMENTAL DESIGN

Figure 2.3 Experiment 3 NB and BB inoculum without and with agitation.
The NB and BB seed reactor source was a first generation NM algal community.

2.11.4 EXPERIMENT 3 : DMSO AND MEOH 5% AND 10% SOLUTIONS
Eight 15 mL centrifuge tubes were prepared to create the CPA percentages
for freezing down with NB and BB NM algal community cultures. Four 15 mL NB
tubes were labeled (NB: DMSO 5%, NB: DMSO 10%, NB: MEOH 5%, NB:
MEOH 10%). Each of the four tubes were filled with the corresponding NB algal
culture volumes listed in Table 2.6 and then loaded with the Table 2.7 NB DMSO
or MEOH volumes corresponding to 5% DMSO and 5% MEOH or 10% DMSO
and 10% MEOH.
The four BB tubes were labeled (BB: DMSO 5%, BB: DMSO 10%, BB: MEOH
5%, BB: MEOH 10%) and filled with the corresponding Table 2.6 BB algal culture
and DMSO or MEOH volumes.
After filling all eight 15 mL centrifuge tubes with the DMSO or MEOH and NM
algal cultures, the tubes were gently rocked manually to mix the DMSO or MEOH
with the algal cultures. Once mixed, the 0 °C and -20 °C NB and BB DMSO or
MEOH/ algal cultures were pipetted into 16 pre-labeled 1.7 mL microcentrifuge
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tubes per Table 2.7 and placed immediately in the corresponding 0 °C or -20 °C
freezer, Figure 2.4.
The NB and BB, -80 °C and -196 °C mixed DMSO or MEOH with algal
cultures were pipetted per Table 2.7 into the 16 pre-labeled cryovials and then
placed into a freeze-down container (Mr. Frosty, Nalgene, 1°C /min freezing rate)
for passive cool down at -80 °C for 4 hours, Figure 2.5.

2.11.5 EXPERIMENT 3 : FREEZING EQUIPMENT
Three freezers and a liquid nitrogen dewar held the frozen algal culture
microcentrifuge tubes and cryovials mixed with DMSO or MEOH. The three
freezers were: a standard household refrigerator with a 0 °C top freezer; a -20 °C
was a standard upright Electrolux freezer, Model FFH17F7HWC, and a top load
- 80 °C VWR laboratory freezer, Model 5608. The -196 °C cryovials were
immersed in a 30 liter liquid nitrogen Union Carbide, model LR-30 liquid nitrogen
dewar
Table 2.6 Experiment 3 Matrix NB and BB algal cultures mixed with DMSO or
MEOH percentages
CPA DMSO 5%
Volume mL

CPA DMSO 10%
Volume mL

CPA MEOH 5%
Volume mL

CPA MEOH 10%
Volume mL

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

BB Culture

CPA DMSO 5%
Volume mL

CPA DMSO 10%
Volume mL

CPA MEOH 5%
Volume mL

CPA MEOH 10%
Volume mL

0 °C

X

X

X

X

-20 °C

X

X

X

X

-80 °C

X
X

X
X

X
X

X
X

NB Culture
0 °C
-20 °C
-80 °C
-196 °C

-196 °C
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Table 2.7 Experiment 3 NB and BB algal cultures mixed with DMSO or MEOH
volumes
The DMSO or MEOH were added to the 15 mL centrifuge tubes (4) NB tubes and (4)BB.

NB Culture

DMSO 5%
Volume mL

DMSO 10%
Volume mL

MEOH 5%
Volume mL

MEOH 10%
Volume mL

CPA Volume

0.35

0.70

0.35

0.70

Algal Culture Volume

6.65

6.30

6.65

6.30

Total Volume mL
15 mL Tube

7.0

7.0

7.0

7.0

BB Culture

DMSO 5%
Volume mL

DMSO 10%
Volume mL

MEOH 5%
Volume mL

MEOH 10%
Volume mL

CPA Volume

0.35

0.70

0.35

0.70

Algal Culture Volume

6.65

6.30

6.65

6.30

Total Volume mL
15 mL Tube

7.0

7.0

7.0

7.0

Table 2.8 Experiment 3 NB and BB freezing tube / cryovial volumes
The filling sources are the (8) 15 mL tubes containing the DMSO or MEOH mixed with
the NM algal community. All microcentrifuge tubes 1.7 mL and 2.0 mL cryovials were
labeled with NB or BB, freezing temperature, DMSO or MEOH and percentage.
NB Culture
Freezing Temperature

DMSO 5% +
Algae Mix mL

DMSO 10% +
Algae Mix mL

MEOH 5% +
Algae Mix mL

MEOH 10% +
Algae Mix mL

0 °C 1 .7 mL tube

1.5

1.5

1.5

1.5

-20 °C 1.7 mL tube

1.5

1.5

1.5

1.5

-80 °C 2.0 mL Cryovial

2.0

2.0

2.0

2.0

-196 °C 2.0 mL Cryovial

2.0

2.0

2.0

2.0

BB Culture
Freezing Temperature

DMSO 5% +
Algae Mix mL

DMSO 10% +
Algae Mix mL

MEOH 5% +
Algae Mix mL

MEOH 10% +
Algae Mix mL

0 °C 1 .7 mL tube

1.5

1.5

1.5

1.5

-20 °C 1.7 mL tube

1.5

1.5

1.5

1.5

-80 °C 2.0 mL Cryovial

2.0

2.0

2.0

2.0

-196 °C 2.0 mL Cryovial

2.0

2.0

2.0

2.0

After four hours, the (8) -80 °C frozen cryovials stayed in the Mr. Frosty
freezing container, while the (8) -196 °C cryovials were removed from the Mr.
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Frosty container and were lowered into the liquid nitrogen (LQN) dewar, Figure
2.5.
The frozen DMSO or MEOH / algal mix microcentrifuge tubes and cryovials
were held for one week at their freezing temperatures, and then thawed per the
procedure below.

2.11.6 EXPERIMENT 3 THAWING (0 °C, -20 °C) TUBES, AND (-80 °C, 196 °C)
2.0 ML CRYOVIALS
1. The water in a shaking incubator was pre-warmed to 37 °C. The frozen
algal / DMSO or MEOH microcentrifuge tubes and cryovials were inserted in
the 37 °C water bath to gently agitate during thawing and left in the water
bath until all ice had melted (generally under 2 minutes).
2. The 0 °C and -20 °C thawed algal / DMSO or MEOH microcentrifuge tubes
were centrifuged at 2000 rpm for 2 minutes to pellet the green algae, diatoms
and cyanobacteria and then a pipette removed the supernatant. Proceed to
step 4.
3. The -80 °C and -196 °C thawed cryovials contents were immediately
transferred to a 2.0 mL microcentrifuge tube. The 2.0 mL algal / DMSO or
MEOH microcentrifuge tube was centrifuged at 2000 rpm for 2 minutes to
pellet the green algae, diatoms and cyanobacteria and the supernatant was
removed by pipette. Proceed to step 4.
4. Each algal mix in a 1.7 ml tube or 2.0 mL tube was filled with fresh room
temperature Experiment 1 synthetic brine medium (section 2.4.2 ) equal to
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the volume of the original algal culture / DMSO or MEOH mix volume (Table
2.7). The tubes were rocked twice manually to mix and resuspended the
pellet in the new medium, diluting the DMSO or MEOH. The tube with the
resuspended pellet was left undisturbed for 2 minutes. After the wait period,
the algal tubes were centrifuged at 2000 rpm for 2 minutes again to pellet the
algae and the supernatant liquid was removed as before.
5. Fresh room temperature Experiment1 synthetic brine medium was added to
the algal tubes again equal to the original amounts amount added in step 4
and gently rocked manually to resuspend the algae pellet.
6. For each labeled microcentrifuge tube, 1 mL of the suspended algal pellet
was transferred to 30 mL of Experiment1 synthetic brine medium in the
corresponding pre-labeled 50 mL reactors. The reactors were placed on two
VWR shaker tables operating with parameters described previously in
section "Experiment 3, (NB and BB) Temperature and Growth Conditions"
(Section 2.10.2).

Figure 2.4 NB and BB 0 °C and -20 °C, algal culture and DMSO or MEOH
The NB and BB microcentrifuge tubes were directly placed upright in the corresponding
0 °C or -20 °C freezers.
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Figure 2.5 NB and BB -80 °C and -196 °C, algal culture with DMSO or
MEOH
Mr. Frosty is a passive freezing unit for the -80 °C and -196 °C cryovials and slows the
freezing temperature to increase the chances of successful thawed and revived frozen
algal culture (reconstituted). [66] [61] The -80 °C cryovials were left upright in the -80
°C freezer and the -196 °C cryovials were placed in a basket and lowered into the LQN
dewar.

Figure 2.6 NB and BB reconstituted NM algal community in 50 mL reactors
The 32 post freezing NB reactors were placed on one shaker table and the BB reactors
were placed on a second shaker table. Both sets of reactors were grown on the shaker
tables.

The (32) 50 mL reactors, Figure 2.6, were broken into 2 (16) 50 ml reactors
groups (NB and BB) and placed on the two VWR shaker tables to grow for 13
days. The two VWR orbital shaker tables details are listed in sections 2.1 and
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2.3.1. On each day, an observation of green growth in every reactor was
cataloged on the growth score sheet Figure 5.2.

2.12 EXPERIMENT 3 : ANALYSIS
On the 13th day, final growth day, (8) 1 mL samples were taken from each of
inoculum NB and BB 50 mL flasks including all the and stored in labeled plastic
bags (labeled with freezing temperature, and DMSO or MEOH volume
percentages), which were placed in the -20 freezer for later 454 pyrosequencing
rDNA 23s analysis.
The frozen samples with DMSO 5% and frozen at -196 °C were selected for
pyrosequencing analysis based upon the number of algal species observed in
the 400X images taken from each of the (32) 50 mL reconstituted flasks.

2.12.1 EXPERIMENT 3 :

RECONSTITUTED ALGAL COMMUNITY ANALYSIS

Same as Experiment 1 : Algal community analysis, Section 2.4.1
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Chapter 3 : Experiment 1, The Effects of Temperature
3.1 KNOWLEDGE GAP
One algal temperature study analyzed whether the algal groups chlorophyte
or cyanobacteria could tolerate high temperatures and still have high growth
rates. Each flask started with an inocula containing 50 μg / L Chl a. and the daily
growth rates were assessed using Chl a concentration changes. The medium
was a low mineral concentration WC recipe [67]. The study had a low illumination
level of 80 μmol photons m -2 s-1 and provided light 16:8 hours light/dark cycle.
The optimum temperature was defined as the highest incubation temperature
that yielded the highest growth rate. Six different temperatures were tested
(20 - 35°C). At the maximum temperature (35°C), which was also the optimum
temperature for the cyanobacteria, Synechococcus elongatus, the mean growth
rate was 0.91 ± 0.01 SE. At the optimum temperature for the chlorophyte,
Scenedesmus maximus, the mean growth rate was 0.86 ± 0.03 SE. The
maximum growth rates at the highest temperatures were very close for the
cyanobacteria and chlorophyte.[37]
These study results may not be the same for highly saline medium with a
much higher illumination intensity. Locating articles that push the temperature
extremes are difficult to find and none have been located for the analysis of a
mixed algal community.
Temperature has a negative effect on algae particularly when temperatures
exceed the optimum ranges for green algae, diatoms and cyanobacteria. [68]
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To date, little research has been performed to discover how natural mixed
algal communities sourced from a hot and highly saline pond can enhance their
ability to produce biodiesel at different temperatures.
Experiment 1: Objective 1 was to determine the effects of temperature on a
highly saline algal community, including the biomass tracked through Chl a
community diversity, and FAMEs content for biodiesel.
Experimental Approach, Experiment 1: The experimental system used in
Experiment 1 was batch reactors (500 mL flasks) which were illuminated and
monitored for days 0 to 14. Total FAMEs mg / L concentrations (biodiesel) were
quantified each day. These systems were inoculated with a NM algal community
taken from a highly saline pond located in an environment with unobstructed high
intensity sunlight (San Acacia Brine Pond, Soccoro, NM).

3.2 RESULTS
3.2.1 AVERAGE CHL A AND B CONCENTRATIONS
The average Chl a concentrations in the room temperature (RT, 25 deg C) and
high temperature (HT, 40 deg C) reactor sets over the 14 day Experiment 1 were
shown in Figures 3.1A and 3.1B. Because the biomass dry weight
measurements were very low (less than 1 mg from a 10 mL sample volume), the
average Chl a concentrations were used to quantify algal growth. Previously,
Chl a concentrations have been shown to correlate to algal growth rates [69].
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Figure 3.1 Average Chl a and Chl b
Figure 3.1A RT and HT average Chl a mg / L and Figure 3.1B RT and HT average
Chl b mg / L, n = 3, ± Standard Error (±SE) bars are shown on each data point.

Figure 3.1A indicates similar average Chl a production rate and therefore
similar growth rates of the RT and HT culture biomasses. A regression between
the RT and HT culture Chl a had a R2 = 0.96 and (p < 0.001). On the last day of
the experiment (day 14) the RT Chl a concentrations were 25% less than the HT
concentrations.
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In contrast, the average Chl b concentration on day 0 was 0 mg / L in the HT
culture and the average Chl b for days 0 to 4 was 0.0134 mg / L. Over day 4 to
day 14, the average Chl b concentrations were 0 mg / L.

Both the RT and HT culture Chl a concentrations per day increased nearly
identically until day 14. The RT Chl a concentration increased slightly from day
12 (Chl a 2.7 mg / L) to day 14 (RT Chl a 2.9 mg / L, but was less than the day
14 HT Chl a concentration 3.8 mg / L. On last day of the experiment the RT
average Chl a concentration was 25% of the HT average Chl a concentration.
This difference may have been caused by the RT medium NO3- concentrations,
Section 3.2.3, which had been completely consumed by day 14. During the
analysis of the HT algal community composition, Section 3.2.2, it was discovered
that only cyanobacteria were present, which do not produce Chl b, and would
explain the absence of Chl b. [20]

3.2.2 ALGAL COMMUNITY COMPOSITIONS
The RT and HT algal genera count percentages of the total counts per day are
shown in Figures 3.2A and 3.2B. The genera data were determined by 454
pyrosequencing of 23s rDNA plastid genes. [63] The RT and HT algal cultures
genera population changed over the course of the two 14-day experiments. The
RT seed culture, Figure 3.2A, day 0, contained algal genera populations, which
were held at RT temperature prior to inoculation of the (6) 500 mL reactors.
One day prior to the start of the HT culture experiment, the HT algal seed
reactor was held in an incubator at an intermediate temperature (35 °C for 12
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hours) to acclimate the HT algal seed cultures to the intermediate temperature
prior to the start of the HT experiment. At the same time, six 500 mL reactors,
filled with HT media, were warmed to the 35 °C.
At the start of the HT experiment, on day 0, the temperature acclimated HT
algal seed reactor culture inoculated the six pre-warmed media reactors. The six
inoculated reactors were placed in the incubator set 40 °C.
On day 0, both the RT and HT algal high saline seed cultures were sampled
and later analyzed by 454 pyrosequencing. The 454 pyrosequencing returned
genera counts for the RT and HT seed cultures. The day 0 RT and HT
community seed cultures were graphed as a percentage of the daily total genus
counts (Figure 3.2) which were the algal used to inoculate for RT and HT cultures
(Figures 3.2A and 3.2B).
The HT inoculum containing a much higher fraction of the Spirulina genus than
the RT inoculum, likely because one day prior to the start of the HT culture
experiment the inoculum was held in an incubator at 35 °C for 12 hours to
acclimate the cultures to higher temperatures prior to the start of the
HT experiment.
The day 0 compositions differed for the RT and HT cultures (Figures 3.2A
and 3.2B, respectively, with the HT inoculum containing a much higher fraction of
the Spirulina genus than the RT inoculum), likely because one day prior to the
start of the HT culture experiment the inoculum was held in an incubator at 35 °C
for 12 hours to acclimate the cultures to higher temperatures prior to the start of
the HT experiment.
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Figure 3.2 Algal populations at genus level determined by 454
pyrosequencing
RT 3.2A and HT 3.2B population composition genera are expressed as percent of total
genera counts per day.

RT and HT genera percentages less than 1% of the total counts are in
Appendix 7.1.1 in Figures RT 7.1A and HT 7.1B.
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The algal population cultures were sampled regularly as described in
Chapter 2 over the course of the experiments. In order to identify the algal
genera present in the 23s rDNA gene sequences determined by 454
pyrosequencing were compared to an algal database (Figure 3.2).[63] In the RT
culture reactor, the Chlorosarcinopsis genus (Kingdom: Plante, Class:
Chlorophyceae, Family: Chlorosarcinales) percentage was 6% on day 0. From
days 2 to 8, the Chlorosarcinopsis genus average was of 7.8 ± 0.7%, and over
days 10 to 14 the average had decreased to 4.1 ± 2.1% .
Chlorosarcinopsis is a terrestrial sublithic eukaryotic algae inhabiting desert
crusts and brine ponds worldwide. [70, 71] Microscopic observations (phase
contrast, 400X) indicated a phenotype consistent with Chlorosarcinopsis at
approximately 12 µm length and moving rapidly across the slide propelled by four
flagella that they wrap along the side of their oblong bodies when at rest. Some
Chlorosarcinopsis genera have survived dry desert conditions in a dormant state
for weeks where they revived with rainfall. [70, 71]
In Figure 3.2A, day 0, the Scenedesmus genus RT culture reactor
pyrosequencing data percentage was 27.0% (Kingdom: Plante, Class:
Chlorophyceae, Family: Scenedesmaceae). The Scenedesmus (Figure 3.2A)
average genus count percentage for days 2 to 14 was 22.4 ± 4.1%.
Scenedesmus genera exist as unicellular green algae, and have been found in
fresh and salt water with the ability to live in desert soils. [72, 73]
On day 0, Figure 3.2A, the Nitzschia genus (Kingdom: Eukaryota, Class:
Bacillariophyceae, Family: Bacillariaceae) in the RT culture seed reactor
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pyrosequencing percentage was 2.4%. On day 2, the RT Nitzschia
pyrosequencing data percentage peaked at 48% and then dropped until day 10.
From day 10 to 14 the RT Nitzschia average genus percentage leveled out to
2.8% ± 0.2% SE. The Nitzschia species is a pennate, motile marine diatom
(25 μm length) encased in a silica frustule.
The day 0, Figure 3.2A, the Spirulina genus (Kingdom: Bacteria,
Class: Cyanophyceae, Family: Oscillatoriales) RT seed reactor pyrosequencing
data genera percentage was 11.0%. For days 2 to 8, the RT culture reactor
average genus percentage was 16.2% ± 0.1% SE. Over days 10 to 14, the RT
culture reactor genus percentage dropped to an average of 4.3% ± 0.9% SE.
Spirulina genus are filamentous marine algae and have been researched
extensively for their ability to produce biodiesel lipids.[74, 75]
The RT Plectonema culture day 0 seed genus percentage of the total counts
was 53% (Kingdom: Bacteria, Class Cyanophyceae, Family: Oscillatoriales) and
increased rapidly in the RT to a final presence in the culture of 82%. The
Plectonema genus is a filamentous, endolithic microboring cyanobacterium
ubiquitously found around the world in almost all oceans, deserts, fresh water
lakes and coral barrier reefs. [76] The extremely adaptable P. terebrans have
been found at depths of one hundred meters where the P. terebrans bore into
carbonate and limestone substrates at very low light conditions. [77]
The 40 °C HT culture pyrosequencing results of the 14-day study in Figure
3.2B, identified three algal genera with counts greater than 1% of the total. Two
genera from the RT culture reactors also grew in the HT culture reactors,
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Spirulina. and Plectonema, with one new HT reactor culture genus, Cyanothece.
The other three genera from the RT reactor culture, Scenedesmus, Nitzschia and
Chlorosarcinopsis, did not survive in the HT culture.
The HT culture reactor pyrosequencing results identified the Cyanothece
genus (Kingdom: Bacteria, Class Chroococcales, Family: Cyanobacteria), which
is a unicellular marine algae species. The Cyanothece genera in the RT culture
was present in the RT culture at a percentage less than 1% and is graphed in
Figure 7.1 (Appendix 7.1.1). In the HT culture, the Cyanothece count percentage
represented a small portion of the HT culture total count percentage. The
Cyanothece genera increased to a peak on day 2 and then fell below 1% of the
total count from days 8 to 14. In the interval from day 0 to 6 the Cyanothece
genera average count percentage was 10.7 ± 3.2%. Cyanothece genera can fix
nitrogen directly from the atmosphere (diazotroph) and convert it into ammonia
through intracellular heterocysts situated between their internal thylakoid
membranes. [78]
The HT culture seed reactor Spirulina sp. genera count percentage was a
maximum on day 0 and decreased to less than 1% of the total by day 8, with the
Spirulina sp. genera count percentage remaining less than 1% until day 14. The
average Spirulina sp. genera count percentage for days 0 to 6 was 57.7 ± 16.8%.
The Spirulina genus is not a diazotroph and does not fix nitrogen from the
atmosphere.
The HT reactor Plectonema genera increased from 1% to 99% over the
course of the experiment in the HT culture reactors. The average Plectonema
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genera percentage for days 6 to 14, was 95.3 ± 3.8%. Plectonema is another
diazotrophic alga, has the capacity to fix nitrogen, but only during low oxygen
periods. Unlike Cyanothece sp., Plectonema can only fix nitrogen at night when
the algal energy comes from respiration.
The algal community did not exist entirely planktonically during the study, but
large algal clumps formed, around the filamentous cyanobacterium Spirulina and
Plectonema, leaving the medium clear. Shaking the cultures before sampling
resuspended the algal clumps to disperse the green algae, diatoms and
cyanobacteria cultures into a planktonic state. At the end of 4 days, the genera
Nitzschia, Scenedesmus, and Chlorosarcinopsis were loosely attached to the
filamentous cyanobacteria clumps.
Table 3.1 compared the RT and HT culture genera experimental
temperatures ranges to the typical literature temperature ranges. [68]
For the RT culture, Chlorosarcinopsis genera, the low end of experimental
temperature range was slightly lower (20 °C) than the typical literature
temperature range low end, 25 °C. The RT Chlorosarcinopsis genera literature
high temperature (35 °C) was higher than the experiment high temperature
(25 °C).
The RT experimental temperature range for the Scenedesmus and Nitzschia
genera fell completely inside the literature temperature ranges. Both the genera
Scenedesmus and Nitzschia grew continuously in the RT culture and had a
presence over all 14 days.
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The 2 RT culture cyanobacteria genera also found in the HT culture were
Spirulina sp. and Plectonema with both their literature temperature ranges
greater than the experimental RT culture temperature ranges. At the end of the
RT study, the Spirulina genera reached 4% of the total algal count percentage
and the Plectonema attaining 82%. The RT culture lower temperature (20 °C)
apparently did not appear to have any negative effect on the growth of these two
cyanobacteria genera.
During the HT culture experiment, the effects of the higher culture temperature
ranges were evident by the death of three algal genera: Chlorosarcinopsis,
Scenedesmus, and Nitzschia. The 3 HT culture genera surviving the higher
temperatures were Cyanothece, Spirulina, and Plectonema.
Table 3.1 RT and HT cultures typical algal growth temperature ranges.
Literature temperatures were compared to the experimental growth temperature
ranges.
Literature
Temperature
Range º C

RT Culture Algae Genus > 1%

RT Experimental
Temperature
Range º C

Chlorosarcinopsis (Chroococcales) [79]

25 - 35

20 - 25

Scenedesmus (Chlorophyceae) [74]

20 - 32

20 - 25

Nitzschia (Bacillariophyceae) [80]

20 - 35

20 - 25

Spirulina (Cyanophyceae) [81]

25 - 35

20 - 25

Plectonema (Cyanophyceae) [82]

35 - 45

20 - 25

Literature
Temperature
Range º C

HT Culture Algae Genus > 1%

HT Experimental
Temperature
Range º C

Cyanothece (Cyanophyceae) [78]

30 - 38

35 - 40

Spirulina (Cyanophyceae) [81]

25 - 35

35 - 40

Plectonema (Cyanophyceae) [83]

35 - 45

35 - 40

In the first 4 days of the HT culture (Figure 3.2B), there were three Chl b
producing HT genera with low counts: Scenedesmus, Chlorosarcinopsis and
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Nitzschia, which initially produced small amounts of Chl b. All three of these RT
genera died off in the elevated temperature by day 6, which stopped all the Chl b
production in the HT culture.

3.2.3 CULTURE NO3- CUMULATIVE CONSUMPTION
The RT and HT cultures average NO3- cumulative consumption curves are
shown in Figure 3.3A and 3.3B. The initial RT and HT culture medium NO3concentrations were both 179.2 mg / L and on the final day, the NO3- cumulative
consumption for the RT and HT cultures were respectively 175 mg / L and 126
mg / L . The average NO3- cumulative consumption rate in the RT culture
reactors was 13.2 NO3- mg / L / d, which is larger than the HT culture reactors
average 9.42 NO3- mg / L / d.
On day 14, the RT culture had consumed all the NO3- in the medium, while the
HT culture had 53.0 NO3- mg / L remaining in the medium.
In Figure 3.3B, the average RT and HT culture NO3- consumption rates were
normalized to Chl a concentrations, NO3- / Chl a / d. For both the RT and HT
cultures, the normalized rates were very high on day 2.
In Figure 3.3B, on day 2 due to a very low Chl a mg value in the RT and HT
cultures the NO3- produced a large NO3- / Chl a mg / L (183.6 ±19.7 and 144.1±
16 SE mg / L / d) . Over days 4 to 14, the RT culture average NO3- / Chl a / d
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was 59.55 ± 4.74 SE, and the HT reactors average NO3- / Chl a / d was an
average 40.51 ± 2.47 SE.

Figure 3.3 RT and HT average NO3- cumulative consumption
Figure 3.3A graphs the RT and HT cultures the average NO3- cumulative consumption
mg /L /d. Figure 3.3B graphs the RT and HT culture average cumulative algal NO3consumption mg per mg Chl a / d. n = 3. ±SE bars are shown on each data point.
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The RT algal culture consumed all the NO3- in the medium. The HT culture,
Figure 3.3A, consumed the NO3- at a lower rate than the RT culture. The lower
HT consumption rate may stem from the fewer algal genera present in the HT
culture. Each of the three surviving HT cyanobacteria genera may have just had
a lower NO3- consumption rate at the higher temperature.
Two of the HT Cyanobacteria genera, Cyanothece and Plectonema,
Figure 3.2B, can fix atmospheric nitrogen to ammonia (diazotrophs) as an often
preferred nitrogen source over NO3- [82]. The Cyanothece sp. fixes nitrogen in a
heterocyst incorporated inside the cell and Plectonema genus fixes nitrogen
through a non-heterocystous pathway. If the Cyanothece sp. and Plectonema
genus fixed atmospheric nitrogen to ammonia during the HT study, as an
alternate nitrogen source, the NO3- consumption would have been measured at a
lower concentration during the ammonia fixation times. Since the ammonia
consumption was not measured, the ammonia may have been consumed by the
HT algal culture instead of the NO3- . Nitrogen fixation may have become part of
the cellular nitrogen source in the algal community and was not exclusively
provided by the NO3- in the medium.
For the Plectonema genus, nitrogen is not fixed during photosynthesis, light
phase, since oxygen poisons the Plectonema genus nitrogenase enzyme [78].
Twenty to eighty percent of the ammonia can leak through the Plectonema genus
cell membrane, which becomes readily available to other green algae, diatoms
and cyanobacteria in close proximity. Non-heterocystous nitrogen fixation in the
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Plectonema genus can only occur at night (dark phase). The nitrogen fixed by
cyanobacteria inside the cell is converted to ammonia (EQ 7) [82]. The nitrogen
dark cycle for P. terebrans only lasts for six hours each night.

N2 + 8H+ + 8e- → 2NH3 + H2

[84]

EQ (7)

The Plectonema genus fixes nitrogen after the daylight levels diminish.
Daylight stops nitrogenase activity, but in darkness Plectonema converts
sufficient atmospheric nitrogen to ammonia for cell synthesis and leaks a large
portion of ammonia into the surrounding medium. [85].
From daily microscopic observation, the San Acacia community motile
unicellular algal cells often adhered to the long intertwined filaments of the
Plectonema genus, to possibly avoid the high light irradiance and capitalize on
the leaked ammonia as a nitrogen supply. In the dark cycle, the Plectonema
hosted unicellular algal populations benefited when the medium NO3concentrations were depleted by absorbing the Plectonema leaked ammonia as
a nitrogen source. During the phase transition from the light to dark, the hosted
green algae, diatoms and cyanobacteria continued their oxygen consumption
around the filaments, which allowed the Plectonema genus to start nitrogen
fixation sooner during the dark phase

3.2.4 TOTAL IDENTIFIED FAMES
Fatty acids extracted from both the RT and HT algal culture samples were
transesterified producing FAMEs, which are also known as biodiesel. The RT
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and HT cultures FAMEs were analyzed in a Shimadzu 2010 gas chromatography
system with a DB-FFAP column.
An external FAMEs standard containing 37 different known FAMEs of specific
concentrations (FAMEs mg / mL hexane), was run through the gas
chromatograph to quantify the 37 FAMEs peak areas (the peak area is correlated
to the FAMEs concentration) and to determined elution time for each of the
FAMEs, which is the time (minutes) the FAME takes to move through the
column. With the 37 known FAMES peak area concentrations (FAME mg / L
hexane) and the column elution times, the experimental algal FAMEs could be
identified and quantitatively measured.
The external 37 FAMEs standard peaks and elution times were compared to
the gas chromatograph RT and HT culture experimental FAMEs peak elution
times and peak areas. The RT and HT experimental FAMEs that matched the 37
FAMEs standard peaks and elution times were then called "identified FAMEs".
The RT and HT culture average total identified FAME concentrations were
separately summed and graphed, Figure 3.4A. The RT culture produced FAMEs
starting on day 2, but the HT culture FAME production lagged until day 8, Figure
3.4A. On day 14, the RT culture average total FAMEs measured 25.8 mg FAMEs
/ L, and the HT culture average total FAMEs was 11.7 mg FAMEs mg / L. The RT
culture reactors produced more than twice the total average FAMEs than the HT
culture reactors. The HT culture required the 6 days to initiate significant lipid
production. The HT culture total FAMEs increased steadily from days 8 to 14.
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Figure 3.4 Total average identified FAMEs
The Figure 3.4A graph plots the RT and HT average total FAMEs mg / d. The Figure
3.4B graph plots the RT and HT average total FAMEs mg / Chl a mg / d. n=3, ±SE bars
shown on each data point.

In Section 3.2.2, Figure 3.2B, the HT culture algal populations, for days 8 to
14, the Plectonema genus count percentages were 98% to 100% of the total
counts. In Figure 3.4A, over days 4 to 14, the RT culture total average FAMEs
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was 9.44 FAMEs mg / Chl a mg ± 1.22 SE / d and the HT culture total average
FAMEs was 3.23 FAMEs mg / Chl a mg ± 0.23 SE / d.
The total FAMEs produced by the RT algal community increased rapidly while
the HT culture produced a low amount of total lipids until day 8 when it began
increasing lipid production. Three algae, Scenedesmus, Nitzschia and
Chlorosarcinopsis, from the RT NM algal community died when introduced to HT
temperatures and possibly when the 3 algae expired, their lipids spilled into the
HT medium where other algae species within the culture harvested the available
lipids for their own storage.[51]
In other research, P. terebrans proved to be capable of degrading crude oil
directly [86]. Produced water often contains petroleum oils, and may make P.
terebrans a desirable species to break down petroleum oil. P. terebrans could
decompose petroleum oils found in produced and reuse water, while converting
the decomposed lipids into TAGs for biodiesel.

3.2.5 SATURATED AND UNSATURATED FAMES
The Plectonema genus created the HT culture total average FAMEs on the
days 8 thru 14, but the HT total average FAMEs was only 34% of the RT culture
average Fames. The most plentiful saturated FAME in both the RT and HT
cultures was methyl palmitate C16:0 on day 14. The RT algal community
synthesized 8.64 mg / L of C16:0, while the HT culture C16:0 produced 5.07 mg /
L.
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Figure 3.5 Average saturated and unsaturated FAMEs
The RT (3.5A) and HT (3.5B) n=3,

The highest RT unsaturated FAME was methyl palmitoleate (C16:1, day 14),
while the highest HT unsaturated FAME was methyl oleate (C18:1, day 14). The
average RT and HT FAMEs, stacked graphs FAMEs SE's, are in Appendix 7.1,
and listed in Tables 7.1, and 7.2. RT and HT average FAMEs mg / L that are too
small to label on Figures 3.5A and 3.5B are shown in Appendix 7.1 on Tables
7.1, and 7.2.
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Biodiesel commercial production focuses on the quantity of lipids that can be
made in a week of growth. The NM algal community cultivated at the RT
temperatures out performed the HT due to the HT loss of lipid producing species
unable to survive in the higher temperature of 40 °C.
The HT culture may have an advantage over the RT culture when the
temperature exceeds the survivable limits of the genus Chlorosarcinopsis,
Scenedesmus sp., and Nitzschia since the HT culture genera can still produce
biodiesel lipids although at a lower lipid production rate. A commercial algal
facility could plan to operate with a culture similar to the RT culture and in the RT
culture temperature range (20 °C to 25 °C) in spring and early summer. Then
during higher temperatures in mid to late summer (35 °C to 40 °C), the facility
could still grow the RT culture knowing eventually there would be fewer algal
cells, but the HT cyanobacteria would still produce lipids.

3.2.6 FAMES CORRELATIONS
Three pairwise regressions were performed: comparing the daily FAME
concentrations RT-to-RT FAMEs, HT-to-HT FAMEs, and RT-to-HT FAMEs. The
RT-to-RT FAMEs FAMEs concentrations (mg / L / d) were correlated with the
same RT culture FAME concentrations for every day of the 14 day study. The
HT-to-HT FAME concentrations (mg / L / d) were correlated with the same HT
culture FAME concentrations for every day of the 14 day study.
All regressions were calculated with a 99.9% confidence level.
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The RT-RT, Figure 3.6A, the regression analysis compared the RT 14 different
individual FAME concentrations with each of the other. The RT FAME
concentrations generated over the 14 day experiment produced 89 R2 values
total.
The HT-HT Figure 3.6B regression analysis compared the HT 11 FAME
concentrations /d with the corresponding HT FAMEs resulting in 57 R2 values. .
The RT-HT Figure 3.6C regression analysis compared the 11 HT FAME
concentrations /d to the corresponding RT FAMEs finding 11 R2 values total. The
RT culture contained three more FAMEs than the HT culture, so that the RT-HT
correlation comparison excluded these three RT FAMEs.
The R2 values in the RT to RT and HT to HT correlation maps greater than
0.90 had p values less than 0.001.
In Figure 3.6A, RT culture, there was a high correlation between three
unsaturated RT FAMEs: C18:1, C18:2, and C18:3 with each having an R 2 > 0.91,
p < 0.001.
In Figure 3.6A, RT culture, one saturated FAME C16:0 had a medium
correlation to these 4 unsaturated RT FAMEs: C16:1, C18:1, C18:2, and C18:3
with a R2 value between 0.89 > R2 > 0.86.
In Figure 3.6B, HT-to-HT, HT culture FAMEs had a high correlation between
the HT culture FAME C16:0 and FAMEs C16:1, C18:1, C18:2. R2 >0.97.
Additionally, a high R2 correlation was found between the HT culture three
FAMEs: C16.1, C18:1, and C18:2, R2 >0.94.
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In the RT to HT FAME regressions, Figure 3.6C, none of the RT-HT R2
coefficients had any R2 over 0.799 indicating relatively low correlation between
the RT and HT FAME values (mg / L / d) over the two 14 day studies. In Figure
3.6C the low correlation values demonstrate that the RT culture and HT culture
FAME production were independent of each other.

The FAME correlation (3.6C) between the RT and HT FAME concentration
was performed to prove there was only a weak correlation between the two RT to
HT studies
The RT-to-RT FAME correlations had similar correlations between three
unsaturated RT FAMEs: C18:1, C18:2, and C18:3.
In the HT-to-HT FAME correlation there was a high correlation between FAME
C16:0 and FAMEs C16:1, C18:1, C18:2. R2 >0.97.
The differences between the two can be traced back to the difference in the
genera in RT and HT cultures.

73

Figure 3.6 Heat maps from pair-wise R-squared regression
RT (3.6A), HT (3.6B), and RT to HT (3.6C) The R2 heat map values legend is located
on the lower right side of the page. The R2 heat map values legend is located on the
lower right side of the page.
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3.2.7 FAMES FOR BIODIESEL
The cetane number (CN; unitless) represents the quality of the No. 2 petro
diesel fuel with an acceptable minimum CN of 40 per ASTM D 975 - 07b,
Standard Specification for Diesel Fuel Oils, Grade No. 2-D SI5. No. 2 petro diesel
fuel CN uses an ASTM cetane reference fuel for calibration, hexadecane, which
is equivalent to a CN of 100. [87] The minimum biodiesel CN per the ASTM D
6751 standard for biodiesel is 47. [88]
The higher the CN, the shorter the delay time will be to ignition. A low CN
implies poor fuel quality and the compression ignition will be retarded slowing
down the engine speed. A low CN may cause misfiring, poor combustion, and
roughness in the diesel engine.
The No. 2 petro diesel blended with 20% biodiesel will produce rapid ignition in
the diesel engine. When a diesel engine injector vaporizes the biodiesel blend, it
spreads over the piston face autoigniting, and produces a smoother and more
powerful stroke.
RT and HT saturated and unsaturated (S%/U%) FAME ratios, RT and HT
Figure 3.7, directly affect the cetane number. The higher the saturated % to
unsaturated% FAME ratio, the higher the CN of the FAME mixture. [89] On day
2, RT Figure 3.7A, the S%/U% FAMEs was 98%:1%, and by day 14, the S/U
FAMEs ratio decreased to 51:49.
On day 0, the HT FAME S%/U% ratio starts at 100:0 and drops to 62:38 on
higher HT S/U ratios.
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Figure 3.7 Saturated and unsaturated FAMEs
Fames are shown as percentages of total values in the RT (3.7A), HT (3.7B), and
soybean (A and B). [90]

Both the RT and HT saturated FAME ratios exceeded the soybean (S%/U%)
0.28:1 ratio, and so the algal FAME CN's were much higher than the CN of the
soybean oil.

76

A rough calculation for the derived cetane number (DCN) of the RT FAME and
HT FAME mixed biodiesel can be performed using EQ(1), based on the
individual FAME weight fraction of the total mixed FAMEs (single FAME mg /
FAMEs mg total) and multiplied by the CN of the single FAMEs obtained from
published CN data. [91] All individually weighted CN values are added together
to obtain the DCN.

DCN = (1st FAME weight fraction of total) × (1st FAME CN) + (2nd FAME
fraction of total) × (2nd FAME CN) + … (last FAME Fraction) x (last FAME CN)
EQ (1)

The DCNs for the RT and HT culture algal FAMEs were calculated and listed
in EQ 2 and EQ 3. Both the RT and HT DCN values are larger than the minimum
biodiesel CN 47 required in the ASTM D 6751 standard [88]. The RT and HT
DCN calculation tables are located in Appendix 7.1, Tables 7.5 and 7.6.

Blended RT FAMEs DCN = 60.6

EQ (2)

Blended HT FAMEs DCN = 63.4

EQ (3)

The San Acacia algal community was the single source for both the RT and
HT cultures. The San Acacia original algal community adapted better to the RT
experimental temperature ranges (RT, 25 °C), which may be an advantage for
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biofuel use. The RT FAME production was larger than the HT production in
almost all cases.
Though the HT culture is not as productive as the RT culture, the HT culture
has an advantage over the RT culture when the temperature exceeds the lower
survivable limits of the Chlorophyta and Bacillariophyceae, two productive RT
culture genera. At the elevated temperatures, the HT algal culture can still
produce a larger percentage of biodiesel lipids. The lower HT culture production
rate may still be economically viable when operating a commercial facility in high
temperature locations.

3.2.8 SHANNON DIVERSITY INDEX
The Shannon diversity index (H) is a measure of population diversity
(Equation 4) [92]. The original Shannon diversity came from number theory as a
decoding method to predict the entropy of letters in encrypted messages. The
entropy index resulted from noting the location of each letter and how often the
letter occurred. [92]
In the Shannon Diversity Index,
species in the community,

ni =

H EQ (4) the variables are: S = number of

pi = proportion of each S made from the i-th species,

abundance of i-th species, N = total number of individuals from all species

in the community.
The Shannon diversity index calculations included all the RT and HT species
and their counts from the pyrosequencing results for each day of the experiment.
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The Shannon Index accounts for all the algal species (S) and the abundance (ni)
within each specie. Higher H values indicated a more diverse community.

S

Shannon Diversity = H =   pi  ln pi Where pi 
i1

ni
N

H Max = ln  S 

EQ (4)

EQ (5)

Equation five, EQ (5), provides a method to calculate the possible maximum
Shannon Index, HMax for each day. The higher the experimental H value
compared to the calculated possible HMax, the greater the diversity of the culture
for that day.
The RT culture H values increased from 1.3 on day 0 to 1.61 on day 8, and
there after, decreased to 0.72 by the end of the experiment. The HT culture

H

values were consistently lower than the RT values.
The HT culture H value on day 0 increased from 0.37 to 1.01 on day 4 and
decreased to 0.04 by the end of the HT experiment. On day 0, the HT algal
culture reactors Shannon index H value on was 28% of the RT culture reactors
value. In the HT algal culture, the H value on day 8 was only 3.9% of the RT
algal culture H value.
To maximize the Shannon diversity index, H, in a culture all species in the
culture must maintain a similar species abundance (ni) and number of species
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(S). If any one species has excessive abundance or the species number (S) or
drops extremely, then the Shannon diversity index will also drop.

Figure 3.8 Shannon diversity index per day
Figure 3.8 graphs the RT and HT algal species reactor Shannon diversity index (H) per
d and The Shannon diversity was calculated from all the RT and HT pyrosequencing
results, including species with less than 1% of the total algae counts.

The Shannon diversity index (Figure 3.8) for RT reactor species (S)
maintained a stable average diversity H for the period from days 2 to 8 days of
1.57 ± 0.02 SE. Beyond day 8, one specie, P. terebrans, continued to grow
rapidly with a species abundance (ni) equal to 99% resulting in a final diversity of
H = 0.72. The low H resulted from the lack of culture diversity directly due to the
increased growth of the specie, P. terebrans.
The HT culture Shannon diversity index H increased initially to 1.01 on day 4.
On day 4, the two highest HT culture species present were Spirulina sp and
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P. terebrans, which accounted for 47.0 % and 42.3% of the total specie
respectively. The similar percentages of the two species created a better
diversity index H. On day 8 HT culture diversity index dropped to 0.063. Over
days 8 to 14, when the HT culture average diversity index was 0.061 ± 0.014 SE.
The HT culture low diversity index H resulted from the nearly total species
dominance of P. terebrans from day 8 to 14 with an average of
99.0% ± 0.3% SE. When the HT culture P. terebrans species predominated all
other algal species, the diversity dropped to near zero.

3.3 CHAPTER 3 EXPERIMENT 1 CONCLUSION
The Chl a from the RT and HT cultures increased continuously from day 2 to
day 14. On last day of the experiment the RT average Chl a concentration was
23% of the HT average Chl a concentration. This difference may have been
caused by the RT medium NO3- concentrations, Section 3.2.3, which had been
completely consumed by day 14.
In the algal community composition, during the RT study, there were 5 genera
greater than 1% of the total identified: 2 green algae, Scenedesmus and
Chlorosarcinopsis. Also identified were two cyanobacteria: Spirulina and
Plectonema and 1 diatom: Nitzschia.
During the HT culture experiment, the effects of the higher culture temperature
ranges were evident by the death of three algal genera: Chlorosarcinopsis,
Scenedesmus, and Nitzschia. In the HT culture 3 algal genera survived, the
higher temperatures: Cyanothece, Spirulina, and Plectonema.
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The RT algal culture consumed all the NO3- in the medium. The HT culture,
Figure 3.3A, consumed the NO3- at a lower rate than the RT culture. The lower
HT consumption rate may stem from the fewer algal genera present in the HT
culture. Each of the three surviving HT cyanobacteria genera may have just had
a lower NO3- consumption rate at the higher temperature or the Plectonema may
have produced ammonia internally offsetting the consumption of the NO3-.
When the nitrate consumption was normalized to the Chl a, over days 4 to 14,
the RT culture average NO3- / Chl a / d was 59.55 ± 4.74 SE, and the HT
reactors average NO3- / Chl a / d was an average 40.51 ± 2.47 SE. The NO3and Chl a had a ratio between them. Both the NO3- and Chl a were cumulative
processes.
The total FAMEs produced by the RT algal community increased rapidly while
the HT culture produced a low amount of total lipids until day 8 when it began
increasing lipid production. Three algae genera from the RT NM algal community
died when introduced to HT temperatures and possibly when the algal cells
expired, their lipids spilled into the HT medium where other algae species within
the culture harvested the available lipids for their own storage. The ingestion of
the spilled lipids precluded the need for the culture to make lipids over the first 3
days.
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The RT and HT cultures contained 14 and 11 identified FAMEs, respectively.
The RT culture included two identified average unsaturated FAMEs (C17:0,
C20:4) and one average saturated FAME (C11:0) not found in the HT culture.
The HT culture C16:0 FAME mg / L was only 58% of the RT culture C16:0 FAME
mg / L.
The NM algal community average saturated and unsaturated FAMEs
cultivated at the RT temperatures out performed the HT due to the HT loss of
lipid producing species unable to survive in the higher temperature of 40 °C.

In FAMEs correlation heat map, the RT-to-RT FAME correlations had similar
correlations between three unsaturated RT FAMEs: C18:1, C18:2, and C18:3.
In the HT-to-HT FAME correlation there was a high correlation between FAME
C16:0 and FAMEs C16:1, C18:1, C18:2. R2 >0.97.

The minimum biodiesel CN per the ASTM D 6751 standard for biodiesel is 47.
[88] The higher the CN, the shorter the delay time will be to ignition. The
calculated derived Cetane Number (DCN ) for the RT and HT FAMEs are
respectively: 60.6 and 63.4, which are well above the ASTM D 6751 minimum
requirement of 47.

The Shannon diversity index (Figure 3.8) for RT reactor species (S)
maintained a stable average diversity H for the period from days 2 to 8 days of
1.57 ± 0.02 SE. Beyond day 8, one specie, P. terebrans, continued to grow
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rapidly with a species abundance (ni) equal to 99% resulting in a final diversity of
H = 0.72. The low H resulted from the lack of culture diversity directly due to the
increased growth of the specie, P. terebrans.
The HT culture low diversity index H resulted from the nearly total species
dominance of P. terebrans from day 8 to 14 with an average of
99.0% ± 0.3% SE. When the HT culture P. terebrans species predominated all
other algal species, the diversity dropped to near zero
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Chapter 4 : Experiment 2, Nitrogen Limited Medium
4.1 KNOWLEDGE GAP
All algae create proteins from nitrogen, incorporating the proteins in cellular
structures such as: cell walls, membranes, gas vesicles, chloroplasts, plastids,
and thylakoid stacks. Cultured algal communities typically consume nitrogen from
the medium in the form of NO3-.
Nitrogen deficiencies were studied in Spirulina platensis cultures. A study
compared lipid production of S. platensis at different N concentrations in culture
medium. Nitrogen (N) limiting conditions were in fact reported to increase the
lipid fraction significantly of many microalgae. Nitrogen (NO3-) was limited by
50% and 100% to determine the effects on lipid production. In this study, the
NO3- deficiency was limited to 50% and 100% NO3- in a Spirulina culture
medium, which increased the total lipid content by 13.66 and 17.05% and
reduced the protein by 53.5 and 5.6%. [93]
. To date, little research has been performed to discover how natural mixed
algal communities grown in media with different nitrate concentrations can
produce biodiesel at higher concentrations.
Experiment 2 objective was to determine the effects of NO3- concentrations
on FAME production, community diversity, and biomass growth in a highly saline
algal community.
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Experimental Approach: The experimental systems used in Experiment 2
were batch reactors (500 mL flasks) which were illuminated and monitored for
days 0 to 12. Total FAMEs mg / L concentrations (biodiesel) were quantified
each day. The initial NO3- concentrations for the low and high NO3- media were
respectively 75.0 mg / L and 179.2 mg / L. These systems were inoculated with a
NM algal community taken from a brine pond located in an environment with
unobstructed high intensity sunlight (San Acacia Brine Pond, Soccoro, NM).

4.2 RESULTS
4.2.1 CULTURE CHL A AND CHL B CONCENTRATIONS
In both the LN and HN culture studies, the Chl a and Chl b data were taken
from the alternating culture reactor sets.
Daily data from the two different culture reactor sets ( LN 3, 4 and HN 1, 2)
were each combined into a single plot (Figure 4.1) for Chl a, and Chl b. The Chl a
concentrations from the LN and HN cultures (Chl a mg / L / d) were used to
normalized the other LN and HN culture parameters: nitrate consumption and
total FAMEs concentrations.
The Chl a concentrations for the LN and HN cultures reactor sets in Figures
4.2A increased similarly over 12 days of the experiment with a final Chl a mg / L
very close to each other. A regression of the LN and HN cultures (all data points)
Chl a mg/ L / d, over 12 days, indicated a high correlation between the two
studies (R2 = 0.93, p < 0.001). In Figure 4.2A, the LN culture, on days 11 and 12,
the Chl a concentrations were 2.04 and 1.88 Chl a mg / L respectively.
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Figure 4.1 LN and HN Chl a and Chl b
Chl a concentrations for the LN and HN experiments. The LN 4.1A and HN 4.1B
graphs display the average Chl b mg / L / d. n = 3, ±SE bars shown on each data point.
Reactors 1, 2, 3, and 4 represents subsets of 3 flasks sampled every 2 days. n = 3,
±SE bars are shown on each data point.

The HN culture Chl a concentrations on days 11 and 12, Figure 4.2A, were
respectively 2.74 and 2.31 Chl a mg / L. The HN culture Chl a concentration on
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days 11 and 12 exceeded the LN culture Chl a concentrations for day 11, by 25%
and day 12 by 19%.
. The LN culture Chl b plot in Figure 4.1B began with an increasing average
Chl b concentration. The LN culture reactor increased the Chl b concentration
production from day 1 to a peak on day 11 (0.25 mg Chl b / L) and on day 12
dropped to 0.18 mg Chl b / L) . The LN culture reactor Chl b regression line slope
for days 1 to 12 had a rate of 0.017 Chl b mg / L / d and a R2 = 0.78.
The HN culture reactor Chl b average concentration increased linearly (Figure
4.1B) with a regression line rate for days 1 to 12 of 0.023 Chl b mg / L / d with a
R2 = 0.90.
On day 12, the HN culture reactor had a maximum average Chl b
concentration larger than the LN culture maximum average Chl b concentration
on day 11.
The LN and HN cultures Chl a concentrations (mg / L / d) increased at similar
rates with high correlation between the two, though, the final HN Chl a
concentrations were higher by 19% than the LN Chl a concentrations. The Chl a
growth did not stop during the entire study and was key to the continued algal
energy production. The LN culture with the lower nitrate concentrations had a
lower Chl a concentration compared to the HN culture Chl a concentration.
The LN and HN cultures contained green algae, diatoms and cyanobacteria,
but cyanobacteria do not synthesize Chl b. [20] The green algal genera in LN and
HN cultures created the Chl b and Chlorosarcinopsis was the predominant algal
genera from days 1 to 12. The Chl b concentrations on day 12 from the two HN
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reactor sets (Figure 4.12B) were higher than the Chl b concentrations from two
LN reactor sets (Figure 4.12A).

4.2.2 ALGAL COMMUNITY COUNTS FROM IMAGES
The algal counts, Figures LN 4.2A and HN 14.2B, on each captured image
were separated by the algal morphology and are referred to as unicelluar and
filamentous algal cells in the graphs.
The unicelluar algal cell outlines were distinct and readily counted. When the
filamentous cells were intertwined they were counted a one cell.
Overall, the LN culture unicellular and filamentous cell counts
(counts x 106 / mL of culture) were lower than the HN culture unicellular and
filamentous cell counts. Both LN and HN culture unicellular counts continuously
increased over the 12 days. The LN and HN culture unicelluar algal growth rates
from two linear regressions were:


LN 0.3931 x 106 cell counts / d (R2 =0.80)



HN 0.9942 x 106 cell counts / d (R2 =0.88)

The LN reactor growth rate is 40% of the HN reactor growth rate.
Coincidentally on day 7 for both the LN and HN studies, the filamentous cell
counts were nearly the same (LN filamentous cell counts = 4.3 x 10 6, HN
filamentous cell counts = 4.6 x 106).

89

Figure 4.2 LN and HN algae community counts
Figure LN 4.2A and HN 4.2B displays the LN and HN average counts respectively for
the unicelluar and filamentous algae per mL of culture. The images were taken on a
hemocytometer with a Olympus BX51 microscope at a magnification of 100X, and
analyzed with two free open source programs: ILastik and ImageJ. n = 3, ±SE bars are
shown on each data point.
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4.2.3 NO3- AVERAGE CUMULATIVE CONSUMPTION
The NO3- average cumulative consumption of the LN and HN cultures
indicated ongoing assimilation of the media NO3- by the algal communities.

Figure 4.3 LN and HN algal average NO3- cumulative consumption
Figure 4.4A displays the LN average NO3- cumulative consumption mg / L / d. Figure
4.4B graphs the HN average NO3- cumulative consumption mg / L / d. n = 3. ±SE bars
shown on each data point.
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The starting average NO3- concentrations (day 0) for the LN and HN media
were 75 mg NO3- / L and 179.2 NO3- mg / L respectively.
A linear regression line through days 1 to 9 for the RT reactor set 3 of NO3(Figure 4.3A) had an average consumption slope of 7.28 NO3- mg / L / d with a
R2 = 0.99. The regression line through the LN reactor set 4 (Figure 4.3A) for days
1 to 9 had a average consumption slope of 6.67 NO3- mg / L / d and a R2 = 0.99.
The LN reactor set 3 consumed all the NO3- by day 10 and the LN reactor set
4 by day 12. Both of the LN cultures in reactor sets 3 and 4 consumed 99% and
96% respectively of the initial average NO3- concentration (75 mg NO3- / L) from
the medium in each reactor.
The (Figure 4.3B) regression for the HN culture NO3- reactor set 1 over days 1
to 9 had a slope of 10.9 NO3- mg / L / d and R2 = 0.97. The (Figure 4.3B)
regression of the HN culture NO3- reactor set 2 for days 2 to 10 resulted in a
slope of 10.1 mg NO3- / L / d and R2 = 0.98. Neither of the HN reactors sets 1
and 2 consumed all the NO3- in the media.
The final LN culture average NO3- cumulative consumption for reactor set 3 on
day 11 was 74.1 NO3- mg/ L / d and for the reactor set 4 on day 12 the average
cumulative consumption was 72.3 mg / L / d. The final HN NO3- average culture
cumulative consumption for reactor set 1 on day 11 was 131.8 NO3- mg/ L / d
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and on day 12 the HN culture reactor set 2 final average NO3- consumption, was
99.5 NO3- mg / L / d.
As the NO3- was consumed, other algal community parameters changed due
to the decreasing nitrate concentrations, particularly algal biomass. The cultures
in the two HN reactor sets 1 and 2, did not consume all the average NO3concentration. By day 11 the HN reactor set 1 had consumed 74% of the original
NO3 concentration (179.2 mg NO3- / L) and by day 12 HN reactor set 2 had
consumed only 56% of the original NO3- concentrations.
The LN culture average NO3- consumption of the two LN reactor sets clearly
indicated there was a very low concentration at the end of the LN study. The LN
culture average NO3- consumption compared to the HN culture in the reactor sets
1 and 2 had consumed only a 1/2 and 3/4 of the average NO3- concentrations
respectively.
The LN and HN cultures contained the Plectonema genera, a nitrogen fixing
diazotroph, which can pull in atmospheric nitrogen and convert it to ammonia in
the algal cell and may have added ammonia to the reactor sets 1 and 2. It is
possible that the HN culture consumed all the NO3- that was necessary for
growth over the 12-day experiment.

4.2.4 AVERAGE NO3- CUMULATIVE CONSUMPTION PER CHL A
As the LN and HN cultures average Chl a concentrations increased, so did the
average NO3- cumulative consumption concentration. In Figure 4.4, both the LN
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and HN culture daily cumulative NO3- concentrations were divided by the
corresponding average Chl a concentrations (NO3- mg / Chl a mg / d). A stable
ratio was observed between the NO3- and Chl a concentrations except for the
first two days. The day 1 and 2 LN and HN culture NO3- concentrations were
normalized to the corresponding very low Chl a concentrations, which resulted in
ratios which greater than 230 NO3- mg / Chl a mg and 594 NO3- mg / Chl a mg
respectively.

Figure 4.4 LN and HN average cumulative consumption NO3- per Chl a
n = 3, ±SE bars are shown on each data point.

Over days 3 through 12, the average ratio between the LN culture cumulative
NO3- consumption concentration and Chl a concentration was 43.42 mg ±3.85
SE (NO3- mg / Chl a mg / d). For the HN culture days 3 through 12, the ratio
between theNO3- average cumulative consumption concentration and average
Chl a concentration was 49.79 mg ±1.55 SE (NO3- mg / Chl a mg / d). The LN
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culture cumulative consumption concentration ratio to the Chl a concentration
was lower than that of the HN.
The LN and HN Chl a average concentrations were normalized to the
corresponding NO3- cumulative consumption concentrations. The first two days
of the LN and HN experiments had low Chl a average concentrations, which
produced high ratios over 200 NO3- mg / Chl a mg / d. For the days 3 to 12 the
average ratio between the LN culture cumulative NO3- concentrations and the
Chl a average concentrations was 43.42 mg ±3.85 SE (NO3- mg / Chl a mg / d).
The HN culture NO3- concentration normalized to the Chl a concentration had a
average ratio, for the days 3 to 12 L was 49.79 mg ±1.55 SE (NO3- mg / Chl a mg
/ d). The LN and HN average NO3- to Chl a ratios indicated a correlation between
the cumulative consumed NO3- and the production of Chl a.

4.2.5 TOTAL AVERAGE FAMES
During the creation of the LN and HN culture biomass, the algal communities
also increased the synthesis of lipids required for membranes, cellular energy
and cell walls. The average total FAMEs of the LN and HN cultures, Figure 4.5,
were calculated separately. Only the identified FAME concentrations were
summed for each day.
On day 1, the LN culture total average FAMEs increased from 1.43 (mg
FAMEs / L / d) to a peak value of 2.03 (mg FAMEs / L / d) on day 5. On day 1,
the HN culture total average FAMEs increased from 2.10 mg (FAMEs / L / d) to a
peak value of 3.23 mg FAMEs / L / d, on day 4. The HN culture total average
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FAMEs peaked sooner and to higher total average FAMEs value than the LN
culture.

Figure 4.5 LN and HN total average FAMEs
Figure 4.6 graphs the total average of the LN and HN FAMEs cultures mg / L / d. n =
3, ±SE shown on all data points. The area enclosed in the dashed square captures the
graphical segments of the LN and HN cultures with increasing FAMEs concentrations.

In Figure 4.6, the LN culture for days 6 to 9, the regression line R2 value was
0.99 , indicating that the LN culture average total FAMEs data points were a
good linear fit for each of the 4 days. This was an important, unexpected result.
The LN culture regression line slope describes a common lipid synthesis rate
for the two LN algal reactor sets (3 and 4) over the 4 days. The HN line
regression for the same 4 days had an R2 value of 0.79 and does not have a
good linear fit of the HN culture average total FAMEs data points.
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Figure 4.6 LN and HN enlarged total FAMEs section
This enlarged graph section displays the LN and HN cultures total average FAMEs
concentration mg / L / d containing data from both of the LN and HN two reactor sets
over study days 6 to 9. The LN regression line is the teal dotted line with the regression
equation and R2 value located in lower right portion of the graph. The HN regression
line is the straight solid red line with the regression equation and R2 value located in
upper left portion of the graph.

The total average FAMEs in Figure 4.6 indicates something occurred on day
6 in the LN culture which pushed the two independent flask sets 3 and 4 to begin
to simultaneously producing larger amounts of total FAMEs till day 9. The
average total FAMEs production in both flask set had the same rate of production
from the slope value of the regression line = 1.68 mg FAMEs / day.

4.2.6 TOTAL AVERAGE FAMES PER CHL A
The LN total average FAMEs per Chl a, Figure 4.7, over days 3 to 12, had an
average ratio of 1.18 FAMEs mg / L / Chl a mg ± 0.19 SE. The HN total average
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FAMEs per Chl a, over days 3 to 12, had an average ratio of 1.44 FAMEs mg/ L /
Chl a mg ± 0.25 SE. The HN average total FAMEs per Chl a ratio was larger than
the LN ratio average total FAMEs per Chl a ratio.
The solar energy captured by the Chl a molecule was converted to chemical
energy and must be present for FAME synthesis.

Figure 4.7 LN and HN total average FAMEs per Chl a
The LN and HN cultures total average FAMEs day 1 value peaks resulted from very
low Chl a concentration (mg/ L / d). n =3, ±SE bars shown on each data point.

The normalization of the LN and HN total average FAME mg / Chl a mg
discloses a relationship between the total average FAME production and the Chl
a mg/ L. The LN and HN culture total average FAMEs were graphed from the
summation of the average identified FAME peaks (mg / L ) for each of the LN
and HN culture studies. The LN study total FAMEs on day 1 was 1.43 mg FAMEs
/ L / d, and increased to a peak of 2.03 mg FAMEs / L / d on day 5
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. During the LN growth, Figure 4.8, a section of LN culture total average
FAMEs for days 6 to 9 resulted in a very linear section with a positive slope of
1.68 mg total FAMEs / L / d. When the increase in the LN FAME concentration
was compared to the HN culture FAME concentration for the same days 6 to 9,
the HN slope of 1.31 mg total FAMEs/ L / d, was less than that of LN culture.
The LN culture on day 6 reached a point where the LN culture NO3concentration contained only 35.1 mg NO3- / L and on day 9 the LN NO3concentration dropped down to 1.72 mg NO3- / L. The precipitous drop in the LN
culture NO3- concentration triggered an immediate stress to store lipids on the
culture as evidenced by the increasing LN FAME concentration (higher linear
slope). After day 9, the LN culture continued to grow similarly to that of the HN
culture.

4.2.7 AVERAGE SATURATED AND UNSATURATED FAMES
The LN and HN saturated, and unsaturated lipid biosynthesis had distinct
FAME production Figure 4.8 patterns over the 12-day experiments.
Not all the individual FAMEs listed in the legend were found in the LN and HN
cultures from day 1 to the end of each experiment.
On day 7, the LN and HN cultures started producing 3 unsaturated FAMEs
(C18:1, C18:2, 18:3), where the production lasted until day 12.
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Figure 4.8 LN and HN average saturated and unsaturated FAMEs
Figure 4.9A stacked column chart contains all the LN identified FAMEs mg/ L / d and
Figure 4.9B stacked chart contains all the HN identified FAMEs mg / L / d. Both LN and
HN had n = 3.

Both the LN and HN studies, the algal cultures synthesized a specific set of
FAMEs. Both the LN and HN cultures created 6 saturated FAMEs from day 1 to
day 12 and they were C16:0, C17:0, C18:0, C20:0, C21:0&C22, and C24:0. The
saturated FAMEs C21:0 & C22 were co-eluted from the gas chromatograph
column and listed as one FAME peak.
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Over the LN and HN cultures 12-day study, the LN culture C16:0 FAME
concentrations were lower than those of the HN culture C16:0 FAME. The LN
culture C16:0 FAME reached the largest concentration of 3.18 mg / L / d on day
11 and the HN culture attained highest concentration for FAME C16:0 of 4.17 mg
/ L on day 11. The HN culture C16:0 concentration on day 11 was 0.99 mg / L / d
larger than the LN culture C16:0 concentration.
The LN culture produced the largest unsaturated FAME, C18:3, with a
concentration of 3.17 mg / L on day 11. The highest unsaturated HN culture,
FAME 18:3, had a concentration of 2.60 mg / L / d, which also occurred on day
11. The LN culture C18:3 FAME concentration exceeded the HN culture C18:3
FAME concentration by 0.57 mg / L / d.
The LN and HN cultures produced the same types of FAMEs, but the daily
production rate of each FAME varied widely. The LN and HN cultures FAMEs
C17:0 and 18.0 did not increase over the 12 days, but both FAMEs formed a
horizontal plot with what appears to be small consumptions and then syntheses
every day. These 12-day FAME concentrations were averaged to better
represent their inconsistent growth.
The LN culture C17:0 FAME average concentration over the 12 days was
0.16 mg ± 0.005 SE. and the HN culture C17:0 FAME average concentration
over the 12-day study was 0.17 mg ± 0.005 SE. The LN culture C18:0 FAME
average concentration over the 12 days was 0.25 mg ± 0.030 SE and the HN
culture C18:0 FAME average concentration was 0.78 mg ± 0.062 SE.
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Both LN and HN culture C16:0, and C18:3 FAME concentrations increased
until day 11. The LN and HN average C16:0, C18:0, and C18:3 FAME
concentrations had the largest percentages of the saturated and unsaturated
FAME concentrations (LN culture C16:0 34.8%, LN C18:0 8.5% and LN C18:3
C 29.6%) and the (HN culture C16:0 43.8%, HN C18:0 13.8.%, and HN C18:3
14.3%).
On study day 12, the LN and HN culture FAMEs: C14:0, C17:0, C17:1, C18:1,
C18:2, C20:0, C21:0, C22:0, and C24:0 had less than 5% of the total FAME
concentrations.
The HN FAME synthesis, in general, produced larger FAME concentrations
than the LN FAMEs except for the C18:3 unsaturated FAME, which had a larger
concentration on day 11 compared to the HN FAME 18:3.

4.2.8 FAMES FOR BIODIESEL
The FAME ratio of saturated to unsaturated percentage of the total determines
how the well the FAMEs will burn in a compression ignition diesel engine.[9]
The average saturated to unsaturated ratio (S/U) for the LN culture over the
first 7 days was 2.05, and over the same days, the HN culture had an average
S/U ratio of 2.02 Figure 4.9.
Both the LN and HN culture S/U ratios on day 8 were the same at 1.03. The
average LN culture S/U ratio for the days 9 through 12 was 0.55 and for the
same days, the average HN culture S/U ratio was 0.60.
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The importance of the ratios of the saturated to unsaturated FAMEs in both
the LN and HN cultures relates to two characteristics of the FAMEs when
blended with No.2 petro diesel, combustion performance, and lubricity.

Figure 4.9 LN and HN average saturated and unsaturated FAMEs
percentage
Figure4.9A displays the LN culture average saturated and unsaturated FAMEs
percentage of the total FAMEs / d and figure 4.10B displays the HN average saturated
and unsaturated FAMEs percentage of the total FAMEs / d.
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Fatty acids do not perform favourably when added directly into diesel
engines, but the transesterified FAMEs (biodiesel) do. Long straight saturated
FAMEs chains burn rapidly in a diesel engine.[94]
The more unsaturated double bonds in the straight FAMEs chain, the lower
the CN due to the additional heat required to break the double bonds during
autoignition (carbon single bond, 347 kj /mol, carbon double bond, 611 kj /mol).
[95]
Long chain unsaturated FAMEs in biodiesel have been shown to impart
lubricity when blended with No.2 petro diesel. The FAME 18:3 (methyl linolenate)
was shown to provide sufficient lubricity when added at a volume of 1% to No.2
petro diesel and tested on a High-Frequency Reciprocating Rig (HFRR). The test
used a weighed steel ball pushed against a stationary steel disk immersed in the
diesel fuel mixture which vibrated at 50 HZ for 75 minutes. The diameter of the
wear scar left on the ball is measured under a microscope. International
Standards Organization (ISO) requires that the ball wear scar be a maximum of
0.45 mm to pass when used in standard diesel engines. [7]

4.3 ALGAL COMMUNITY COMPOSITIONS
The LN culture samples were analyzed for days 0, 4, 5, 11 and 12. The LN
culture on days 4 and 5 were selected to capture the community present when
the lipid production reached the first LN lipid peak.
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The HN culture samples were analyzed for days 0, 3, 4, 11, and 12. The HN
for day 3 and 4 samples were taken to determine the algal culture community
present at the first highest value, Figure 4.10.

Figure 4.10 LN and HN culture algal community genera by Illumina MiSeq
Figure 4.10 LN and Figure 4.10 HN community composition genera expressed as
a percentage of total genera count for each day. Day 0 represented the percentage of
genus counts in the algal community seed culture used to inoculate the reactors.
Genra less than 1% of the total counts are presented in Appendix Chapter 7.2.1 LN
and HN genus percentage counts less than 1%.
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All LN and HN culture genera percentages over 1% were calculated for each
sample day. Each genera sample percentage count was calculated by dividing
the genera sample count by the summed total of all counts. Each genera
percentage was plotted on a stacked bar graph by day.
The Chlorosarcinopsis genera percentages of the total were higher than any
other genera in both the LN and HN culture studies over all sampled days.
On days 0, 4, 5, 11, and 12 the LN culture Chlorosarcinopsis genera
percentages were respectively 99.0, 99.5, 99.8, 70.5, and 69.1. The LN
Plectonema genera percentages for days 0, 4 and 5 were less than 1% of the
total, but the percentages on days 11 and 12, were 21.4 and 21.5 respectively.
The LN culture Spirulina genera percentages on days 0, 4, and 5 were each less
than 1% of the total for each day, although on days 11 and 12 the percentages
were 7.4 and 7.9 correspondingly. The genera percentage named ( Genera
Counts < 1%) on all sample days were less than 1% except for day 12, where
the LN culture percentage was 1.5.
The HN culture Chlorosarcinopsis genera for days 0, 3, 4, 11, and 12 revealed
percentages of 68, 99.8, 94.5, 73.8, and 55.0 respectively of the total genera
counts. The HN culture Plectonema genera percentages on days 0, 11, and 12
were 28.0, 15.7, and 41.7 respectively. The HN culture Spirulina genera
percentages on days 0, 4, 11, and 12 were respectively 3.3, 4.82, 10.4, and 3.27.
In both the LN and HN cultures there were only 3 identified genera greater
than 1% of the total population: Chlorosarcinopsis, Plectonema, and Spirulina sp.
with the Chlorosarcinopsis genus having the largest percentage of the total
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genera counts over the all 12 days of the LN and HN studies. On day 0, the HN
culture Plectonema genera counts had 28% of the total counts, and on day 12
the Plectonema genera counts increase to 42% of the total counts. In the LN
culture, the Plectonema genera counts were not identified until days 11 and 12
with a count percentage of 21% and 22%. For the LN and HN studies, the
Spirulina sp. genera counts were a small percentage of the total on days 0, 4, 11,
and 12.

4.3.1 CULTURE SHANNON DIVERSITY INDEX
The Shannon diversity index (Shannon index

H) calculations, Figure 4.11, for

the LN and HN cultures included all the algal species counts greater than 1%
alnd less than 1% present for each day. On day 0 the LN Shannon index was low
(HLN = 0.04), then increased slightly on day 4 (HLN = 0.09). For more
explanation of the Shannon diversity index and variables, see Experiment 1,
Section 3.2.8. The reason the LN and HN diversity day 0, seed cultures Shannon
diversity was different stems from the genera present in the cultures when
sampled. The Chlorosarcinopsis genera was the largest in the cultures and drive
the Shannon index to very low value. Compared to the HN culture, the
Chlorosarcinopsis genera held a substantial number counts, but were there was
a large presence of Plectonema and Spirulina.
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Figure 4.11 LN and HN Shannon diversity index
The LN and HN Shannon diversity index calculated from Chapter 2, EQ (4) and EQ (5).
The LN and HN algae data came from the Illumina MiSeq, next generation algal DNA
sequencer, which produced the algal cell counts and identified the algae species from
the algal cell reassembled DNA sequences.

On day 5 the HN cultures Shannon index (H) fell to 0.01, indicating a
significant loss of species to only 3: P. terebrans, Spirulina sp., and
Chlorosarcinopsis.
Six days later on day 11, the LN culture (HLN) increased to 0.80 and on the
final experiment day 12, the (HLN) reached 0.85 with a species count of 11.
On day 0 the HN culture Shannon index was high (HHN = 0.75), but on day 3,
the HN culture Shannon index dropped to 0.016. The next day, the HN culture
Shannon index increased to HHN = 0.24. On the last two days (11, 12) of the HN
study, the Shannon indices increased to 0.76 and 0.81 respectively. On day 12
the number of species was 7.
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The Shannon diversity index assigns a number for the species count (S) in a
population and sums all the individuals (N) in each specie. The number of
species found in both the LN and HN culture fluctuated and came from the
species representing less than 1% of the total counts as determined by the
MiSeq Illumina Sequencing next generation sequencing. The less than 1%
populations often have many species that fall just above or below the cutoff limits
required to declare the species present in a sample.
The data for the LN culture Shannon diversity index came from the algal
community genera obtained from the LN and HN algal population analysis
described in Section 2.3.4. On day 0, the LN culture Shannon diversity index was
low, HLN = 0.04, with S = 5 and total N = 69181 present. Later on day 4 in the LN
culture the Shannon diversity index grew to

HLN = 0.09 with S = 5 and

N = 99799. On day 5 the Shannon diversity index dropped to HLN = 0.015 with
only S = 3 and N = 49888. The Shannon diversity index increased to

HLN = 0.85

on day 12 as the number of species increased S = 10 and N = 59731.
On day 0 the HN culture Shannon diversity index was HHN = 0.75 and the
S =10 with total species N = 110431. On day 4 of the HN culture the Shannon
diversity index dropped to HHN = 0.24 due to species loss (S = 4) and
N = 147937. The Shannon diversity index HT culture on day 12 rose to

HHN

= 0.81 with an increase in species (S = 7) and N = 77273.

Both the LN and HN Shannon diversity indices varied across the two studies
and reflected the large culture population dynamics in the reactor sets.
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4.4 CHAPTER 4 EXPERIMENT 2 CONCLUSION
The LN and HN cultures Chl a concentrations (mg / L / d) grew at similar rates,
but the final HN Chl a concentrations were higher by 19% than the LN Chl a
concentrations.
The low nitrate concentration in the LN cultures produced less biomass than
the HN.
The LN culture on day 6 reached a point where the LN culture NO3concentration contained only 35.1 mg NO3- / L and continued to drop until day 9,
when the LN NO3 concentration dropped down to 1.72 mg NO3- / L.

The LN culture over 6 to 9 had a positive linear of 1.68 mg total FAMEs / L / d,
which was larger than the HN culture slope of 1.31 mg total FAMEs / L / d for the
same days.

In both the LN and HN cultures there were only 3 identified genera greater
than 1% of the total population: Chlorosarcinopsis, Plectonema, and Spirulina sp.
with the Chlorosarcinopsis genus having the largest percentage of the total
genera counts over the all 12 days of the LN and HN studies.

The LN reactor growth rate was 40% of the HN reactor growth rate.
Coincidentally on day 7 for both the LN and HN studies, the filamentous cell
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counts were nearly the same (LN filamentous cell counts = 4.3 x 10 6, HN
filamentous cell counts = 4.6 x 106).

The cultures in the two HN reactor sets 1 and 2, did not consume all the
average NO3- concentration. By day 11 the HN reactor set 1 had consumed 74%
of the original NO3 concentration (179.2 mg NO3- / L) and by day 12 HN reactor
set 2 had consumed only 56% of the original NO3- concentrations.

The LN culture average NO3- consumption of the two LN reactor sets clearly
indicated there was a very low concentration at the end of the LN study. The HN
culture average NO3- in the reactor sets 1 and 2 consumed only a 1/2 and 3/4 of
the average NO3- concentrations respectively.

For the days 3 to 12 the average ratio between the LN culture cumulative NO3concentrations and the Chl a average concentrations was 43.42 mg ±3.85 SE
(NO3- mg / Chl a mg / d). The HN culture NO3- concentration normalized to the
Chl a concentration had a average ratio, for the days 3 to 12 was
49.79 mg ±1.55 SE (NO3- mg / Chl a mg / d).

The total average FAMEs in Figure 4.6 indicates something occurred on day 6
in the LN culture which pushed the two independent flask sets 3 and 4 to begin to
simultaneously producing larger amounts of total FAMEs till day 9. The average
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total FAMEs production in both flask set had the same rate of production from the
slope value of the regression line = 1.68 mg FAMEs / day.

The normalization of the LN and HN total average FAME mg / Chl a mg
discloses a relationship between the total average FAME production and the Chl
a mg/ L. The LN and HN culture total average FAMEs were graphed from the
summation of the average identified FAME peaks (mg / L ) for each of the LN
and HN culture studies.

The HN FAME synthesis, in general, produced larger FAME concentrations
than the LN FAMEs except for the C18:3 unsaturated FAME, which had a larger
concentration on day 11 compared to the HN FAME 18:3.

The average saturated to unsaturated ratio (S/U) for the LN culture over the
first 7 days was 2.05, and over the same days, the HN culture had an average
S/U ratio of 2.02 Figure 4.9.

In both the LN and HN cultures there were only 3 identified genera greater
than 1% of the total population: Chlorosarcinopsis, Plectonema, and Spirulina sp.
with the Chlorosarcinopsis genus had the largest percentage of the total genera
counts over the all 12 days of the LN and HN studies. On day 0, the HN culture
Plectonema genera counts had 28% of the total counts, and on day 12 the
Plectonema genera counts increase to 42% of the total counts.
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The data for the LN culture Shannon diversity index came from the algal
community genera obtained from the LN and HN algal population analysis
described in Section 2.3.4. The Shannon diversity index for both the LN and HN
data was low due to the low number of species present in the culture.
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Chapter 5 : Experiment 3, Cold Preservation of Algae
5.1 KNOWLEDGE GAP
Preservation of algal cultures is important to improve reproducibility from one
study to the next, and to provide identical inocula for full-scale operations, such
as biofuel production. [96] While storage of pure cultures of microorganisms is
well established, [67] little research has been performed on the preservation of a
mixed algal communities with bacteria. Successful cryopreservation can be
measured by the percentage of the viable algal cells after freezing that resume
normal growth. [96]
Algal cells often are exposed to turbulence from natural water bodies or
mechanical pumping. Turbulence can come from pumps, wind shear and
agitation. Algal cells are sensitivity to small shear forces and the highest
sensitivity occurs in diatoms, then less so in cyanobacteria and the least in green
algae. [97] There has been little research determining the effects of agitation on
mixed algae communities.
Few research articles describe the freezing, thawing and growing of algal cells
in a mixed community in order to determine their viability and identifying the algal
genera present with next generation DNA sequencing. Positive identification of
the surviving genera provides detailed information about the freezing survival
rates and those genera that died.
Cryopreservation can be defined as storage of a living organism at ultra low
temperatures lower than -130 °C. Cryopreservation of algal cells is an empirical
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practice because algal species often respond differently during freezing and
thawing.[96] CPAs added to the assist in protecting the algal cells when frozen
and thawed. Two CPAs, DMSO and MEOH, passively move through the plasma
membrane providing equilibration between the extracellular solution with the cell
interior. [66]

Experiment 3 objective was develop a protocol for cold preservation
protocol applicable to four temperatures (0 °C, -20 °C, -80 °C and -196 °C) mixed
with algal communities, including calculation of Chl a before and after freezing,
after freezing determine the most viability of the algal cells visually and their
corresponding temperatures and CPAs. Compare the effects freezing on the two
seed cultures with and without agitation based upon the viable genera counts
after pyrosequencing.

Experimental Approach, Experiment 3: These systems were inoculated
with a NM algal community taken from a brine pond located in an environment
with unobstructed high intensity sunlight. (San Acacia Brine Pond, Soccoro, NM).
One seed culture inoculum was agitated and the 2nd was not. Each inoculum
was added to a separate 250 mL reactor containing 100 mL of media to grow for
6 days. After the 6 days, the mixed culture in each reactor was blended with 4
different CPAs at two percentages and frozen at 4 temperatures Table 5.1. The
post freezing experimental systems used in Experiment 3 were 32 batch reactors
(50 mL flasks / 30 mL media) which were illuminated and monitored for days 0 to
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13. Additional Experiment 3 description and figures of the inoculum, design and
operation, methods, freezing equipment, analysis are found in Sections 2.9, 2.10,
2.11, 2.12 and 2.13 respectively.
After reconstituting the culture, the algal biomass was observed for viability
and analyzed to determine the effects of the CPAs DMSO and MEOH and their
volume percentages in each 50 mL reactor.

Table 5.1 Experiment 3 NB and BB plan for algal cultures
mixed with DMSO or MEOH percentages

NB Culture

CPA DMSO 5% CPA DMSO 10% CPA MEOH 5% CPA MEOH 10%
Volume mL
Volume mL
Volume mL
Volume mL

0 °C

X

X

X

X

-20 °C

X

X

X

X

-80 °C

X

X

X

X

-196 °C

X

X

X

X

BB Culture

CPA DMSO 5% CPA DMSO 10% CPA MEOH 5% CPA MEOH 10%
Volume mL
Volume mL
Volume mL
Volume mL

0 °C

X

X

X

X

-20 °C

X

X

X

X

-80 °C

X

X

X

X

-196 °C

X

X

X

X

Table 5.1 Matrix describes the NB 4 freezing temperatures (4 rows) and the 2
CPAs with 2 volume percentages in each columns. The matrix also describes the
BB 4 freezing temperatures (4 rows) and the 2 CPAs with 2 volume percentages
in each columns. Each X describes the seed culture (NB or BB) mixed with the
CPA DMSO or MEOH with one of two volume percentages (5% or 10%) and the
freezing temperature. Example: (NB, 0 °C, DMSO 5%)
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5.2 NB AND BB RESULTS
5.2.1 NB AND BB INOCULA CULTURES CHLOROPHYLL A AND B
CONCENTRATIONS

The two seed reactors labeled NB and BB, Figure 5.1, grew over 6 days
before sampling and analyzing the Chl a and Chl b. The Chl a increased in both
reactors with a final concentration in the NB and BB reactors of 3.8 mg / L and
4.2 mg / L respectively. The NB and BB reactor Chl b final concentrations were
0.35 mg / L and 0.35 mg / L respectively.

Figure 5.1 NB and BB algal community cultures Chl a and Chl b
Figure 5.1 captures the increasing Chl a and Chl b concentrations (mg / liter / d) of the
two cultures, which indicates increasing growth rates. n = 3, ±SE bars are shown on
each data point.

The two inoculated reactors (NB and BB) had similar Chl a concentrations for
the 6 days and when both were compared to each other, a T-test indicated that
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there was no statistical difference between the NB and BB Chl a concentrations.
If the algal Chl a of the two reactors had been significantly different it might have
been due to the agitation of the inoculum (BB), but that was not the case. The
graph of the NB and BB Chl a concentrations for the reactors were very similar.
The decrease in the Chl b on day 6 likely resulted from a larger percentage of
culture containing cyanobacteria in the flask, which do no make Chl b.
The NB and BB experimental design is described in detail in Chapter 2,
section 2.5.3 Experiment 3 Specific Experimental Design.

5.2.2 POST FREEZING ALGAL GROWTH SCORECARD ANALYSIS
The thawed frozen NB and BB cultures were transferred to 50mL reactors
containing 30 mL of media shown in Figure 5.2 and described in Chapter 2
section 2.11.7 Experiment 3 Thawing. The 50 mL algal reactors holding the
reconstituted algal cultures were allowed to grow and initially appeared as fuzzy
white algal clumps when illuminated on the lighted shaker table.
Assessment of the algal growth scorecard results were performed visually.
After an adaptation period of 5 days, the cultures began growing, turning a bright
green. None of the 50 mL algal reactors on the lighted shaker table had any
viable growth for first 5 days with the all the algal cultures remaining white.
The NB and BB cultures with DMSO 5% and DMSO 10%, had the best
reconstitution survival at all temperatures. Overall, the lower temperatures, -80
°C and -196 °C produced more visible growth earlier for days 6 to 13 than the
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two higher temperatures (0 °C and -20 °C) where initial growth was observed
from days 7 to 14. [42]

Additional analysis of the post freezing reconstituted NB and BB cultures with
CPAs in are in Chapter 7 : Appendix, section 7.4 "Chapter 5 - Cold preservation
of algal growth score card analysis with 6 subsections". Each subsection
describes the results of the culture growth after freezing in Figure 5.2 NB and BB
algal growth scorecard after reconstitution.

The reconstituted NB and BB cultures frozen with cryoprotective additive CPA
concentrations methanol 5% (MEOH 5%) and MEOH 10% were less likely to
have viable growth at 0 °C and -20 °C temperatures. The MEOH in the cultures
may have caused issues within the cell or created a toxic mixture with the
components in the saline brine media.
The NB and BB cultures with dimethylsulfoxide 5% (DMSO 5%) and
DMSO10%, had the best reconstitution survival at all temperatures. The DMSO
at the lower two temperatures, -80 °C and -196 °C, viable growth onset was
earlier viable algal community growth for days 6 to 13 than the two higher
temperatures (0 °C and -20 °C). [42]
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Figure 5.2 NB and BB algal growth scorecard after reconstitution
Figure 5.2 captures the freezing protection that the CPAs enabled the algal community
to endure freezing and still result in algal growth after reconstitution. The +? symbol in
a square, was not counted as an day of normal growth and excluded from growth day
counts.
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5.2.3 RECONSTITUTED 5% DMSO NB AND BB CHL A CONCENTRATIONS
The NB culture Chl a concentrations was lower than the BB culture Chl a
concentrations (Figure 5.3) except for the NB culture frozen at 0 °C. The BB
cultures for the freezing temperatures of -20 °C, -80 °C and -196 °C had more
green biomass growth than the NB.
The Chl a mg / L concentration data in the Figure 5.3 bar graph came from the
reconstituted DMSO 5% NB and BB cultures on day 13.

Figure 5.3 Reconstituted DMSO 5% NB and BB Chl a concentrations
Only data for the DMSO 5% NB and BB Chl a mg / L were taken during Experiment 3.
The Chl a concentrations from the NB and BB cultures with CPA DMSO 5% were
analyzed on day 13 for the 8 samples. n = 3, ±SE bars are shown on each data point..

The NB culture Chl a mg / L concentration frozen at 0 °C temperature had a
slightly higher Chl a concentration than the BB culture by (Chl a 0.08 mg / L ).
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The BB culture frozen at -20 °C temperature had a Chl a concentration larger
than the NB -20 °C frozen culture by Chl a 0.15 mg / L. The BB cultures frozen at
-80 °C and -196 °C temperatures had Chl a concentrations that exceeded both of
the corresponding NB cultures concentrations.
A t-test between (Figure 5.3) the NB and BB Chl a concentrations at
temperatures -20 °C, -20 °C, -80 °C, -196 °C indicated there was no significant
difference between the data.
Both the NB and BB cultures for all 4 freezing temperatures were analyzed for
Chl b concentrations and only 3 NB resulted in positive Chl b concentrations. The
3 positive Chl b mg / L concentrations were: NB, 0 °C freezing temperature, Chl b
018 mg / L; NB, -196 °C freezing temperature, Chl b 0.031 mg / L; BB, -196 °C
freezing temperature, Chl b 0.26 mg / L.
The DMSO 5% or MEOH 5% worked the best to protect the algal cell from
freezing damage. The synthesis of Chl a was correlated to the algal biomass
growth for a specific freezing temperature with the 5% DMSO. The NB culture
Chl a concentration was lower than the BB culture Chl a concentrations except
for the NB culture held at 0 °C. The BB cultures for the freezing temperatures of
-20 °C, -80 °C and -196 °C had more green biomass growth than the NB.

5.2.4 POST FREEZING ALGAL GENERA POPULATION COUNTS GREATER THAN 1%
Figure 5.4 displays the reconstituted NB and BB algal genera with counts
greater than 1% of the total genera counts per each CPA. Only the -196 °C,
frozen samples from the reconstituted 50 mL reactors were sent out for 454
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pyrosequencing. The DNA was extracted from the -196 °C frozen algal samples
listed here:
NB: NB Seed, NB 5% DMSO, NB 10% DMSO, NB 5% MEOH, NB 10%
MEOH
BB: BB Seed, BB 5% DMSO, BB 10% DMSO, BB 5% MEOH, BB 10%
MEOH.
The extracted DNA was analyzed using Roche 454 pyrosequencing, which
identified the algal genera for each of the samples above. The pyrosequencing
procedure is described in Chapter 2, section 2.2. subsection 2.2.3. Algal
Community Analysis.

Figure 5.4 Algal community genera percentages greater than 1%
Only the -196 °C NB and BB genera with different CPAs at two percentages were
analyzed from pyrosequencing data. The analysis included the NB and BB seed
cultures to determine the initial genera of the inocula for the NB and BB cultures.
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Figure 5.4 graphs the NB and BB seed cultures and revealed the effects of the
agitation on the green algae, diatom and cyanobacteria genera count
percentages greater than 1% in the NB and BB seed cultures. The BB seed
culture Scenedesmus was 22% less than the seed NB Scenedesmus. The BB
seed culture Chlorosarcinopsis was 12% less than the seed NB.
Chlorosarcinopsis. The NB seed culture genera Nitzschia was 3% less the BB
Nitzschia and the seed culture NB genera Plectonema was 31% less than the BB
Plectonema.
Two NB culture genus (Scenedesmus and Chlorosarcinopsis) frozen in the
10% DMSO were not present after reconstitution. Two NB culture genus
(Scenedesmus and Chlorosarcinopsis) frozen in 5% MEOH, and not present
after reconstitution. One NB culture genus (Scenedesmus) frozen in the
10% MEOH after reconstitution had a of percentage of 1.2% and was not shown
in Figure 5.4 and the Chlorosarcinopsis genera was not present.
Two BB culture genera Scenedesmus and Chlorosarcinopsis. were frozen in
the 10% DMSO, but not present after reconstitution. Two BB culture genus
(Scenedesmus and Chlorosarcinopsis) were frozen in the 5% MEOH, but not
present after reconstitution. Three BB culture genus (Scenedesmus,
Chlorosarcinopsis and Nitzschia) were frozen in the10% MEOH CPA, but not
present after reconstitution.
One BB culture genus, Plectonema, was frozen in two separate tests with 5%
MEOH and a 10% MEOH, and after reconstitution, each test had the highest
Plectonema genus percentages (100%). The BB culture Plectonema genus
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frozen in the 5% and 10% DMSO after reconstitution had percentages 83% and
98% respectively.
The primary genus in the BB culture is Plectonema, which is from the
Oscillatoriales Family. The Oscillatoriales Family genera reproduce by asexual
filament fragmentation where a single fragment can form a whole new organism.
The BB first generation inoculum was agitated before adding to the BB seed
culture reactor. The agitated BB inocula caused fragmentation of the Plectonema
genera, creating significant quantities of new cells. [98] The additional cells in the
BB culture would have increased the algal cell counts and outnumbered those of
the NB Plectonema and Spirulina biomass.
The green algae, diatoms and cyanobacteria were affected by the BB agitation
differently. The green algae (Scenedesmus and Chlorosarcinopsis) were
damaged or died from the agitation. The Nitzschia was damaged by the agitation,
but not to the extent of the green algae, which allowed the Nitzschia to recover,
but with fewer numbers. The Plectonema genus, which is a cyanobacteria,
benefited from the agitation by increasing their numbers. The Plectonema after
reconstitution multiplied rapidly and dominated their NB or BB cultures.

5.2.5 POST FREEZING GENERA POPULATION COUNTS LESS THAN 1%
Figure 5.4 graphed the reconstituted (post freezing) algal community genera
from only the -196 freezing temperature with pyrosequencing counts less than 1
percent of the total. The BB seed culture genera percentages had 4.4%
Trebouxia, 3.3% Tryblionella, 70.7% Spirulina, and 9.8% Synechococcus, and
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12.1 Leptolyngbya. The BB 5% MEOH CPA had no algal genera, while the BB
10% MEOH had a low Spirulina count.
The BB 5% DMSO genera percentages contained 5.6% Trebouxia,
11.1% Tryblionella, 72.2.% Spirulina, and 11.1% Cyanothece. The BB 10%
DMSO genera percentages had 84.6% Spirulina, 5.0% Leptolyngbya and 9.3%
Cyanothece. The NB seed culture genera percentages had 17.2% Trebouxia,
62.1% Spirulina, and 20.7% Synechococcus. The NB 10% MEOH culture had
genera percentages 92.9% Tryblionella, and 7.1% Synechococcus.

Figure 5.5 Algal community genera percentages less than 1%
Only the -196 °C NB and BB genera with different CPAs and percentages were
analyzed from pyrosequencing data. The NB and BB seed cultures were analyzed to
determine the NB and BB source culture genera.
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The NB 5% MEOH culture had genera percentages 6.7%% Tryblionella,
66.7% Spirulina, 6.7% Synechococcus and 20.0% Leptolyngbya. The NB culture
DMSO 10% genera percentages were 47.5% Tryblionella, 47.5% Spirulina, and
5.0% Synechococcus.
The NB culture DMSO 5% count percentages were 1.1% Trebouxia, 12.6%
Tryblionella, 73.7% Spirulina, and 1.1% Synechococcus, 5.3% Leptolyngbya,
and 6.3% Cyanothece.
The two inocula reactors displayed a normal growth for the 6 days. The
graphed Chl a and Chl b concentrations for the NB and BB reactors were similar.
The dominant genus for the algal community genera less than 1% of the total
was the cyanobacteria, Spirulina.
The presence of low genera counts in the both the BB and NB cultures occurs
in nature during seasonal cycles when the environmental parameters change
continuously such as nutrient availability, temperatures, weather, and predators.
The low population genera counts may or may not increase when condition are
favorable to their growth. [99]

5.3 CHAPTER 5 EXPERIMENT 3 CONCLUSION
Little research has focused complexity of maintaining specialized mixed
cultures for research inoculations or for seeding pond start-up cultures to large
commercial raceway ponds or photobioreactors. This study implemented a matrix
that froze a mixed algal population at four different temperatures in two different
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CPA percentages (v/v) to discover which sample freezing temperatures and CPA
combinations with the best algal cell species recovery.
The agitated NM algal community seed culture inoculum (Bead Beaten "BB")
and one inoculum without agitation (Not Bead Beaten "NB"), were added to two
different 250 mL reactors containing HT medium to grow the NM algal community
for 6 days before freezing. The agitation did not have any effect on the Chl a
concentrations of the 6 day grow period as the two reactors had similar Chl a
curves indicate healthy cultures suitable for freezing.
The algal cultures were grown, frozen with CPAs, and reconstituted to
determine the surviving algal genera present. A growth scorecard for the large
matrix pointed to two temperatures where the reconstituted algal cultures
survived better (-80 °C and -196 °C) and one CPA (5% DMSO) had more of the
algal culture survive than any of the the MEOH concentrations and freezing
temperatures. Survival after reconstitution at the two lower temperatures was
(-80 °C and -196 °C) more likely.
The post freezing Chl a concentrations (mg / L / d) from the NB and BB
5% DMSO cultures The NB culture Chl a concentration was lower than the BB
culture Chl a concentrations except for the NB culture held at 0 °C.
The Plectonema genus reproduces by asexual filament fragmentation where a
single fragment can form a whole new organism. The BB agitating prior to
freezing may have contributed to the highest post freezing genus counts in the
Plectonema genera. The BB culture post freezing Plectonema genus counts
outnumbered those of the NB Plectonema and Spirulina biomass.
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Some post freezing genera counts for the BB seed culture were less than the
NB seed culture genera counts and survived better because they had not been
subjected to the agitation prior to freezing.
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Chapter 6 : Conclusions
6.1 CONCLUSIONS
The Chl a for both the RT and HT cultures were the same per t-test results.
Temperature had a large effect on the cultivation of the mixed algal cultures
from a high saline brine pond.
The RT and HT culture Chl b concentrations differed extensively. The RT
culture Chl b concentrations formed an increasing straight line, however the HT
culture Chl b concentrations were nearly zero due to the fact that cyanobacteria
do not produce Chl b.
The RT community composition contained 2 green algae, a diatom and 2
cyanobacteria genera. The HT community had three cyanobacteria genera.
In the HT cultures, two green algae and one a diatom genera were not found
in the HT cultures held at 40 °C temperatures. The HT cultures contained 3
cyanobacteria genera.
The RT culture consumed all the media average NO3- concentration 175 mg /
L, but the HT only consumed 126 mg / L. The HT culture may not have needed
the all the NO3- since there were only 3 cyanobacteria genus present.
The HT culture total average identified FAMEs on the final day was 45% of the
RT culture total average identified FAMES. The higher temperature of the HT
culture reduced the FAMEs produced compared to the RT culture.
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The LN and HN culture Chl a concentration were very similar. The low nitrate
concentration medium produced significantly lower LN culture growth when
compared to the HN culture grown in the high nitrate concentration medium.
The LN culture NO3- concentration was sufficiently low on day 6 to something
happened to the LN algal culture to produce a TAGs sequestration event, but
only produced more lipids than the HN culture till day 9. Thereafter the increased
LN culture lipid production ceased and the HN culture total FAMEs production
was higher.

Preservation of algal cultures is important to improve reproducibility from one
study to the next, and to provide identical inocula for full-scale operations, such
as biofuel production.
Algae often are exposed to turbulence from natural water bodies or
mechanical pumping. Turbulence can come from pumps, wind shear and
agitation.
Algal cells are sensitivity to small shear forces and the highest sensitivity
occurs in diatoms, then less so in cyanobacteria and the least in green algae.

The two inoculated reactors (NB and BB) had similar Chl a concentrations for
the 6 days and when both were compared to each other, a T-test indicated that
there was no statistical difference between the NB and BB Chl a concentrations
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The (32) 50 mL algal reactors holding the reconstituted algal cultures were
allowed to grow and initially appeared as fuzzy white algal clumps when
illuminated on the lighted shaker table.

The Plectonema genus reproduces by asexual filament fragmentation where a
single fragment can form a whole new organism. The BB agitating prior to
freezing may have contributed to the highest post freezing genus counts in the
Plectonema genera.
A growth scorecard for the large matrix pointed to two temperatures where the
reconstituted algal cultures survived better (-80 °C and -196 °C) and one CPA
(5% DMSO) had more of the algal culture survive than any of the the MEOH
concentrations and freezing temperatures. Survival after reconstitution at the two
lower temperatures was

(-80 °C and -196 °C) more likely.

The post freezing Chl a concentrations (mg / L / d) from the NB and BB
5% DMSO cultures The NB culture Chl a concentration was lower than the BB
culture Chl a concentrations except for the NB culture held at 0 °C.
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Chapter 7 : Appendix
7.1 CHAPTER 3 RT AND HT
7.1.1 RT AND HT ADDITIONAL GRAPHS AND TABLES

Figure 7.1 RT and HT community genus percentage counts Less than 1%
The RT (7.1A) and HT (7.1B) 100% stack column charts plot the reactor genus
percentage of the total genus counts less than 1%. Day 0 bar represents the genus
counts less than 1% of the total algal seed culture.
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7.1.2 CHAPTER 3 RT AND HT PYROSEQUENCING SPECIES PERCENTAGES
On day 0, the RT seed culture pyrosequencing data identified two different
Chlorosarcinopsis species: Chlorosarcinopsis eremi (C. eremi) and
Chlorosarcinopsis sp. with species percentages of 99% and 1% respectively.
On day 0, the RT seed reactor pyrosequencing data listed two species:
Scenedesmus sp. and Scenedesmus rotundus (S. rotundus) with species count
percentages of 95.1% and 4.8% respectively.
The day 0, RT culture reactor pyrosequencing specie data listed two species:
Nitzschia laevis (N. laevis), and Nitzschia sp. with species count percentages of
35.7% and 64.3% respectively.
The RT reactor pyrosequencing species analysis detected only the Spirulina
sp. present in the culture.
The RT and HT species counts were required for the Shannon Diversity Index
calculations in Chapter 3.
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7.2 CHAPTER 3 RT AND HT FAMES NOT LABELED IN GRAPH
Table 7.1 RT FAMEs not labeled in graph
RT FAMEs concentrations (mg/ liter of culture) not labeled in Figure 3.5A, (not labeled
data has bold italicized entries.) A dash (-) are data labeled on Figure 3.5A.
("a" indicates no algal FAMEs were produced.)
RT
C21:0 /
C16:1 C17:1 C18:1 C18:2 C18:3 C20:4 C11:0 C14:0 C16:0 C17:0 C18:0 C20:0
C24:0
C22:0
FAMEs

Day
2

0.06

a

4

-

a

a

0.001

a

a

a

a

0.06

-

0.07

-

0.16

0.28

-

a

0.04

a

a

0.33

-

0.08

-

0.12

0.49

-

0.52

-

0.07

-

0.16

0.61

-

6

-

0.01

0.02

0.02

-

0.10

a

8

-

0.05

0.25

0.17

-

0.29

0.21

0.88

-

0.11

-

0.18

-

-

10

-

0.06

0.42

0.36

-

0.23 0.11

0.67

-

0.12

-

0.20

-

-

12

-

0.06

0.54

0.41

-

0.34 0.39

0.76

-

0.12

-

0.23

-

-

14

-

-

-

-

-

0.41 0.09

0.84

-

0.14

-

0.24

-

-

Table 7.2 HT FAMES not labeled in graph
HT FAMEs concentrations (mg/ liter of culture) not labeled in Figure 3.5B (not labeled
data has bold italicized entries.) A dash (-) are data labeled on Figure 3.5B.
("a" indicates no algal FAMEs was produced.)
HT
C16.1
FAMEs

C18:1

C18:2

C18:3

C14:0

C16:0

C17:0

C18:0

C20:0

C21:0 /
C24:0
C22:0

Day
2

a

a

a

a

0.001

0.20

0.05

-

0.10

0.21

-

4

0.08

0.10

0.001

a

0.001

-

0.08

-

0.14

0.26

-

6

0.09

0.17

0.02

a

0.001

-

0.06

-

0.10

0.21

-

8

0.25

-

0.24

0.01

0.001

-

0.08

-

0.14

0.25

-

10

-

-

-

0.10

0.01

-

0.09

-

0.15

0.28

-

12

-

-

-

0.11

0.04

-

0.12

-

0.19

0.27

-

14

-

-

-

0.16

0.05

-

0.12

-

0.17

0.28

-
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Table 7.3 RT Blended FAMEs DCN
Calculations analyzed with EQ (1) adapted to multi-FAMEs algal blended DCN.
RT FAMEs

FAMEs
Fraction of
Total mg

FAMEs
Total
mg

Experimental
Cetane Number

DCN

C14:0

0.839

24.682

66.2

2.250

C16:0

8.644

24.682

74.3

26.021

C18:0

1.630

24.682

75

4.953

C20:0
C21:0 /
C22:0
C16:1

0.238

24.682

100

0.964

1.194

24.682

68.8

3.328

6.541

24.682

51

13.516

C18:1

1.055

24.682

45

1.923

C18:2

0.881

24.682

43

1.535

C18:3

3.660

24.682

41

6.080

Total DCN

60.6

Table 7.4 HT Blended FAMEs DCN
Calculations analyzed with EQ (1) adapted to multi-FAMEs algal blended DCN.
HT FAMEs

FAMEs
Fraction of
Total mg

FAMEs
Total
mg

Experimental
Cetane Number

DCN

C14:0

0.050

11.377

66.2

0.291

C16:0

5.070

11.377

74.3

33.111

C18:0

1.392

11.377

75

9.174

C20:0
C21:0 /
C22:0
C16:1

0.171

11.377

100

1.503

0.277

11.377

68.8

1.677

0.888

11.377

51

3.982

C18:1

1.879

11.377

45

7.430

C18:2

1.487

11.377

43

5.622

C18:3

0.163

11.377

41

0.587

Total DCN

63.4
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7.3 CHAPTER 4 LN AND HN APPENDIX
7.3.1 ADDITIONAL GRAPHS AND TABLES

Figure 7.2 LN and HN genus percentage counts less than 1%
LN 7.2(A) and HN 7.2(B) The 100% stack column charts plot the reactor genus
percentage of the total genus counts less than 1%. Day 0 bar represents the genus
counts less than 1% of the total algal seed culture.
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Table 7.3 RT Saturated and Unsaturated Percent FAMEs SE's
(Figure 7.3 A) as a percentage of the average identified unsaturated and saturated
FAMEs (n=3) (mg / liter of culture)

Day C11:0 C14:0 C16:0 C16:1 C17:0 C17:1 C18:0 C18:1 C18:2 C18:3 C20:0 C20:4
2

a

60.6

56.0

0.0

22.9

a

44.7

a

a

4

a

8.5

7.6

8.8

9.7

a

15.2

a

a

a

6

a

13.3

9.9

11.3 11.1 32.6

10.4

23.3 82.3

5.3

8

22.4

19.2

8.3

18.6

5.5

7.8

4.3

20.9

10

58.6

11.4

6.7

10.9

2.8

43.6

6.1

3.5

12

28.5

12.6

12.0

12.4

7.1

34.0

14

43.3

15.5

7.2

20.3 10.8

5.5

C21:0 b
and C24:0
C22:0

4.7

a

1.7

5.1

60.2 19.8

a

5.1

16.4

15.4 27.4

9.5

8.3

9.0

19.6 15.0 21.9

10.8

10.9

8.1

2.3

3.9

31.3

19.6

7.4

18.4

21.4 19.4

9.1

18.7 17.5

10.4

5.2

13.1

24.4 17.5 21.6 12.9 16.2

3.2

8.8

a Average algal FAME resulted in less than 0.1% SE of average identified FAMEs .
b C21:0 and C22:0 co-eluted from gas chromatograph column.

Table 7.4 HT Saturated and Unsaturated Percent FAMEs SE's
HT (Figure 7.3 B) FAMEs SE as a percentage of the average identified unsaturated
and saturated FAMEs (n=3) (mg / liter of culture)
C21:0 b
and
C24:0
C22:0

Day

C14:0

C16:0

C16:1

C17:0

C18:0

C18:1

C18:2

C18:3

C20:0

2

41.9

a

19.3

27.5

a

9.6

28.3

5.7

4.2

64.5

a
a

1.5

12.8

a
a

10.7

4

a
a

11.0

9.3

15.4

6

a

9.1

21.3

4.5

3.8

33.3

16.8

a

17.0

15.7

17.8

8

25.0

13.8

11.4

6.2

12.9

18.1

28.1

62.1

22.5

18.7

9.6

10

84.2

8.0

7.1

6.3

4.6

9.5

5.0

10.9

14.5

12.4

13.1

12

10.5

5.0

9.1

4.0

4.6

9.4

5.9

24.8

4.0

3.9

5.4

14

28.4

12.9

22.0

6.2

8.4

21.0

32.7

35.3

7.3

4.5

5.8

a Average algal FAME resulted in less than 0.1% SE of average identified FAMEs .
b C21:0 and C22:0 co-eluted from gas chromatograph column.
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7.4 CHAPTER 5: SIX ADDITIONAL COLD PRESERVATION OF ALGAE SCORE
CARD ANALYSES

7.4.1 SCORECARD FREEZING TEMPERATURES 0° C AND -20 °C, CPA MEOH
The NB culture from the freezing temperatures of 0° C and -20 °C with CPA
concentrations of either 5% MEOH or 10% MEOH, did not show any growth. The
BB culture freezing at 0° C with a CPA concentration of 5% MEOH was only
viable on d 13. The BB culture from the freezing temperature at -20 °C with CPA
concentrations of 5% MEOH or 10% MEOH were viable only on day 13.
BB cultures from the freezing temperature -20 °C containing CPA
concentrations of 5% MEOH or 10% MEOH did not grow until day13.

7.4.2 SCORECARD FREEZING TEMPERATURES 0° C AND -20 °C, CPA DMSO
The reconstituted NB and BB cultures from the freezing temperature 0° C, with
CPA concentrations of 5% DMSO and 10% DMSO, both had viable growth
starting on d 9 continuing through d 13. The NB cultures from the freezing
temperature -20 °C, with concentrations of 5% DMSO and 10% DMSO showed
green algal growth on days 8 and 9 respectively.
The BB reconstituted cultures from freezing temperature 0° C, with CPA
concentrations of 5% DMSO and 10% DMSO 0° had green culture cell growth
starting on day 9 and continuing to day 13.
The two BB cultures, from the freezing temperature -20 °C containing
concentrations of 5% DMSO and 10% DMSO, both had viable algal growth
starting on day 6 and continued growing to day 13.
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7.4.3 SCORECARD FREEZING TEMPERATURE -80° C, WITH CPA MEOH
The NB reconstituted cultures frozen at -80 °C with a CPA concentration of
5% MEOH had green algal growth starting on day 8 and continuing to day 13.
The NB reconstituted cultures frozen at -80 °C with a CPA concentration of
10% MEOH growth began on day 7 and continued to day 13.
The BB reconstituted cultures frozen at -80 °C with a CPA concentration of
5% MEOH had green algal growth starting on day 6 and continuing to day 13.
The BB reconstituted cultures frozen at -80 °C with a CPA concentration of
10% MEOH growth began on day 8 and continued to day 13.

7.4.4 SCORECARD FREEZING TEMPERATURES -80° C, CPA DMSO
The NB reconstituted cultures frozen at -196 °C with a CPA concentration of
5% DMSO had green algal growth starting on day 8 and continuing to day 13.
The NB reconstituted cultures frozen at -196 °C with a CPA concentration of
10% DMSO growth began on day 7 and continued to day 13.
The BB reconstituted cultures frozen at -196 °C with a CPA concentration of
5% DMSO had green algal growth starting on day 6 and continuing to day 13.
The BB reconstituted cultures frozen at -196 °C with a CPA concentration of
10% DMSO growth began on day 8 and continued to day 13.

7.4.5 SCORECARD FREEZING TEMPERATURES -196 °C, CPA MEOH
The NB reconstituted cultures frozen at -196 °C with a CPA concentration of
5% MEOH had green algal growth starting on day 8 and continuing to day 13.
The NB reconstituted cultures frozen at -196 °C with a CPA concentration of
10% MEOH growth began on day 7 and continued to day 13.
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The BB reconstituted cultures frozen at -196 °C with a CPA concentration of
5% MEOH had green algal growth starting on day 6 and continuing to day 13.
The BB reconstituted cultures frozen at -196 °C with a CPA concentration of
10% MEOH growth began on day 8 and continued to day 13.

7.4.6 SCORECARD FREEZING TEMPERATURES -196 °C, CPA DMSO
The NB reconstituted cultures frozen at -196 °C with a CPA concentration of
5% DMSO had green algal growth starting on day 8 and continuing to day 13.
The NB reconstituted cultures frozen at -196 °C with a CPA concentration of
10% DMSO growth began on day 7 and continued to day 13.
The BB reconstituted cultures frozen at -196 °C with a CPA concentration of
5% DMSO had green algal growth starting on day 6 and continuing to day 13.
The BB reconstituted cultures frozen at -196 °C with a CPA concentration of
10% DMSO growth began on day 8 and continued to day 13.
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